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ABSTRACT

The objective of this thesis is to introduce new transmitter and receiver
structures to improve the bandwidth efficiency and/or power efficiency of dif-

ferentially detected phase-shift keyed (PSK) and continuous phase modulated
(CPM) signals.

For frequency division multiple access operations when the channel includes
nonlinearities, a differentially detected controlled transition PSK (DCTPSK)
modem is introduced. This-modem employs a new signal format which can be
demodulated using a conventional diﬁerential detector: '

It is shown that in an adjacent cha.nnel interferencé envxronment more car-
riers can share the same channel by usmg DCTPSK modems compared to us-
ing differentially detected quaternary PSK (DQPSK) or differentially detected
minimum shift keying (DMSK) moderms. Similarly, for certain bandwidth effi-

ciencies, DCTPSK modems require less transmit power than DQPSK or DMSK
modems.

A DCTPSK modem has been designed and implemented, and its perfor-
mance has been evaluated using a laboratory set-up and also via satellite link.
The measurement results indicate that the modem suffers about 2 dB E,/Ny
degradation due to various hardware imperfections.

In order to improve the bit error rate (BER) performance of the DCTPSK
modem, two new receiver processing techniques have been introduced. In ad-
dition to the conventional one-bit differential detectors, the new receivers also
utilize two-bit differential detectors.

The first new technique uses symbol-by symbol detection which combines
the outputs of the one-bit and two-bit differential detectors. Thus an E;/Ny
improvement of 1.2 dB is achieved (at BER=1071).

The second receiver processing technique is based on using a four-state se-
quential decoder. The E, /N, improvement achieved with this technique is about
1.7 dB. .

These new receiver-processing techniques are directly applicable to DQPSK,
and the same concepts can be utilized for:other modulation techniques as well.

The work on CPM signals focuses on the differential detection of Gaussian

/ .
iv .



minimum shift keying (GMSK). When conventional receivers are used, the per-
formance of differentially detected GMSK is about 7 dB inferior to its coherent
counterpart. This difference is largely due to a large amount of intersymbol
interference in the differentially detected signal. It is shown heré that by ap-
plying decision feedback to the differential detectors, the destructive effect of
intersymbol interference can be partially removed. Various new receivers have
been studied where the outputs of more than one detector are combined. The
best BER performance obtained here is when the outputs of the modified two-
bit and three-bit differential detectors are jointly utilized. For a system with a
bandwidth-time product (B,T) of 0.25, this new receiver provides about 4 dB
Ey /N, advantage over currently known differentially detected GMSK receivers.
Furthermore, the improvement is greater for systems with B;T" values smaller
than 0.25.
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Chapter 1

INTRODUCTION AND
OVERVIEW

1.1 SYSTEM ENGINEER’S PROBLEM

-

When a new communications service is to be introduced, one of the major
tasks the system engineer must perform is the selection of the appropriate
modulation-demodulation (modem) technique. For this purpose several
factors must be taken into account. These include:

e bandwidth efficiency,
e detection efficiency,
e channel characteristics,
e acquisition time{
!
- implementation complexity,

¢ compatibility with existing services and equipment, and

e cost,

-



Bandwidth efficiency is defined as the ratio of the data rate to channel
bandwidth (in units of b/s/Hz). For instance, the bandwidth may be de-
fined as the bandwidth required to contain a certain percentage (e.g., 99%
or 99.99 %) of the transmitted power.

Detection efficiency' is measured in terms of the ratio of the energy
per bit to noise power density required to achieve a given bit error rate
(BER). In a practical context, a more frequently used criterion is the power
efficiency which also takes into account various sources of interference and
the operating mode of the power amplifiers.

\C‘hanncl characteristics refer to a large number of physical phenom-
ena related to the transmission medium, and various (potentialy) inflexible
channel parameters (e.g., filters and amplifiers). In addition to the ever
present thermal noise, the major channel imperfections might be:

¢ intersymbol interference,

?

¢ adjacent channel interference,

e co-channel interference,

¢ multipath fading and shadowing,

» frequency uncertainties and phase noise, and

e nonlinear amplifiers. Be

Implementation complezity includes circuit complexity, environmental
constraints, size, weight and suitability to large scale integration.

Compatibility with existing services and equipment is often a system
requirement, and cost is often the most crucial parameter in the final deci-
sion.,

Generally, the selection is done after weighting each parameter and eval-
uating the tradeoffs. Some modem techniques are precluded easily when
the preliminary analysis indicates that they cannot meet the minimum ser-
vice requirements. A short list of candidates is thus formed, from which
more detailed analysis will lead to the final selection.

]

1This i3 also refered to as communications efficiency in the engineering literature.
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\

Let us assume that the system engineer started by satisfying the band-
width efliciency requirement, and determined the candidate modulation
techniques which provide bandwidth efficiencies in the range of 0.5 to 1
b/s/Hz. The next step would be selecting the appropriate demodulation
technique, which we consider below.

1.2 REVIEW OF DEMODULATION
TECHNIQUES

Digitally modulated signals can be demodulated

e coherently, or

o noncoherently. \

i
-

There are numerous ways of demodulating a recei\:é signal coherently or
noncoherently, and in this section only the general properties of the various
demodulation techniques are briefly reviewed. :

1.2.1 Coherent Demodulation

In coherent systems, an estimate of the carrier phase is used as a reference in
 the demodulation process. Coherent detection is the most power efficient
demodulation approach when additive white Gaussian noise (AWGN) is
the major channel disturbance. Conversely, in applications where multipath
fading, Doppler shifts or phase noise are considerable, it is difficult to obtain
and maintain a coherent phase reference in the receiver. The phase error
due to these disturbances results in high error floors [1-4], l.e., increasing
the transmit power does not reduce the BER below a certain value.

A coherent phase estimate is usually derived directly from the modu-
lated signal®. Because of the frequency instabilities and phase jitter inher=
ent in transmitter and receiver systems, carrier recovery loop bandwidths

2The modulated signal, in general, does not contain a discrete component at the carrier
frequency.



cannot be made arbitrarily\:‘,\mall. Consequently, in practice, a noisy phase
estimate is obtained and only partially coherent reception can be claimed
[5]-

Another problem with coherent detection is its sometimes poor acqui-
sition performance. As the spectrum of the transmitted signal becomes
narrower, the problem of finding the exact phase of the carrier becomes
more difficult [?48]. A common method of finding the phase is to use a
band-pass filter'or a phase locked loop with some suitable loop-bandwidth.
However, as the loop bandwidth is decreased, the signal acquisition time
becomes larger [9]. This becomes a major problem when the transmitted
information is sent in bursts (e.g., packet data or voice activated digital

speech), as fast acquisition is then needed to maintain a high transmission
efficiency [10,11]. ’

One way to relax the carrier recovery requirements and improve the
BER performance of a coherent receiver experiencing adverse phase vari-
ations is to transmit a tone along with the information bearing signal.
Several such schemes have been described in the literature [12-19]. Some
of these techniques require additional bandwidth {e.g., [12,17,18]), while all
of them require more power than the convention@erent detection.

s

1.2.2 Noncoherent Demodulation

In noncoherent demodulation, the phase coherence requirement is either
relaxed or completely removed. The noncoherent demodulation techniques
which are suitable to narrowband signals (i.e., with bandwidth efficiencies
greater than 0.5 b/s/Hz) are:

s limiter discriminator detection, and fJ,

o differential detection.

1.2.2.1 Limiter Disé_ijlihator etection

In limiter discriminator detection no phase coherence is necessary. The
receiver consists of a predetection bandpass filter, a limiter discriminator,

-
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and a postdetection filter (sed Figure 1.1). The predetection filter limits
the noise entering the detector, while the actual demodulation is performed
by the limiter discriminator circuit. The noisy ‘baseband signal is further
filtered by postdetection filter which can be implemented as an integrate
sample -and dump circuit or a low-pass filter. At the end of each bit interval
the output of the filtér is sampled to determine the transmitted bit.

'
'

Received kT Output
Signal —_ ‘ ) Symbols
Band . . Post
————— Pass ]:I).}m115er Detection —/'— :F
, Filter 1scrm. Filter

v T }

Figure- 1.1: Block diagram of a limiter discriminator detector.

-1.2.2.2 Differential Detecti(}rl/\

Another alternative to coherent( detection is differential detection® where
information is encoded into rela} ve phase differences’between successive
symbols (rather than absolute phases). Provided that the unknown phase
f contained in the received signal varies slowly (that is, slow enough for it
to be considered essentially constant over two bit intervals), then the phase
difference between waveforms received in two successive bit intervals will
be independent of #. At the receiver the signal can be demodulated by
comparing the phases of the consecutive symbols {sée ure 1.2). Thus

IDifferential detection is also often refered to as differentially cohereft detection or
phase comparison detection. Differential detection should not be confused with differen-
-tially encoded coherent detection. The latter method is a coherent demodulation. technique
where carrier recovery is mandatory, and the purpose of the differential encodmg is only
to avoid a phase ambiguity in the recovered carrier. :

(



a carrier recovery circuit is avoided and faster signal acquisition may be

achieved.
Received kT Output
Signal Fi})a.nd Phase r . Symbols
' Pass — — -
Filter Comparator _J

.

Delay

Figure 1.2: Block diagram of a differential (.phase comparison) detector.

\“ .3 DIFFERENTIAL DETECTION
VERSUS LIMITER DIS CRIMINATOR
DETECTION

Let us return to the system engineéer’s task of selecting the modulation-

demodulation technique. Assuming that coherent detection is precluded
.~{&g., due to a fast signal acquisition requirement or the properties of the
transmission medium); then the selection is between differential detection
and limiter discriminator detection.

Differential detection can be applied to both phase-shift keyed (P’SK)
and digital frequency modulated (FM) signals; whereas limiter discrimi-
nator detection is mainly suitable to digital FM signals®. Various investi-
gations indicate that neither scheme exhibits unequivocal superiority over
the other one [1,21]. For example, differential detection is less sensitive

4Limiter discriminator detection can be applied to binary PSK signals, but the BER
performance is inferior to that of differential detection [20].
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to co-channe! interference-[1,22], and delay distortion [23|; whereas lim-
iter discriminator detection is less sensitive to random FM and frequency
offsets [3,24]. The performances of both schemes under multipath fading
conditions are-comparable [1,2,4,25]. For both schemes error performance
improvement techniques have been proposed [26-33] and rhore powerful
receiver processing techniques are emerging. Thus, the final selection of
the type of noncoherent detection to be used can be made only when the
system requirements of a specific application are defined.

Research on improving the performance of both noncoherent detection
techniques is continuing [34-37]. This thesis is devoted to developing new
signal formats and receiver processing techniques suitable to differential
detection. Yet, some of the concepts introduced here are also (directly or
with some modifications) applicable to limiter discriminator detection [38].

1.4 APPLICATION AREAS OF
DIFFERENTIAL-DETECTION

Differential detection is used or being considered for various applications
such as satellite communications, cellular mobile radio, voiceband data
transmission, lightwave communications, and spread spectrum communi-
cations.

In satellite communications, major application areas are:

e regenerative satellite systems [39-45], and

¢ mobile satellite communications [46—55].‘

\

\
In regenerative satellite systems, differential detection provides a simpler
and more reliable on-board regenerative unit where size and weight reduc-
tions are desirable. In mobile communications (satellite or cellular radio
[56]) the major advantages of differential detection are an increased toler-
ance to phase noise and fading, an improved acquisition time, and a reduced
the receiver complexity.

In voice band data transmission, differential detection is used in 1200
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b/s and 2400 b/s modems [57-59]. In this case the major reason for using
differential detection is to eliminate the need for carrier recovery circuits.

In lightwave communications, due to technological difficulties, coherent
detection is not currently applicable [60]°. Hence differential detection and
other noncoherent detection techniques are the only available options.

In frequency hopped spread spectrum systems, differential detection is
employed because of its fast acquisition properties {62-64].

All of the above applications are for signals with bandwidth efficiencies
in the range of 0.5 to 2 b/s/Hz5.

1.5 RESEARCH CONTRIBUTIONS OF
THIS THESIS

-

Although the system engineer is already faced with the problem of select-
ing the most suitable modem technique from a large set, the researchers

are aware of various shortcomings of the existing modems. Therefore, a °

significant amount of research is being devoted to improving the power or
bandwidth efficiency (or both) of digital modulation-demodulation tech-
niques.

I have chosen to study the subject of differential detection of digitally
modulated signals in this context. The research tasks performed and the
results obtained in this thesis can be summarized as follows. '

1. A new signal format was developed, which can be demodulated by
a conventional differential detector, and provides power/bandwxdth
efficiency advantages under certain operating conditions (in compari-
son to some well known techniques such as quaternary PSK (QPSK)
and minimum shift keying (MSK). The modem technique developed
as the result of this work is named differentially detected controlled
transition phase shift keying (DCTPSK).

5With the recent technological advances, coherent detection ma.y. soon be applicable to
lightwave communications {61].
SWhere, for msta.nce, bandwidth is deﬁned in terms of 99% power occupancy.

e—
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2.  New receiver structures for differentially detected PSK type signals
were developed. The motivation here was to improve the BER perfor-
mance of the DCTPSK modem. The receiver structures proposed for
DCTPSK improve the bit error rate performance up to 1.7 dB over
conventional structures. Furthermore, the same receivers can also be
utilized in the differential detection of QPSK signals and result in
similar gains.

3.  New receiver structures for the differential detection of Gaussian min-
imum shift keying (GMSK) were developed. The starting point in
this case was the observation that GMSK has very attractive spectral
properties, but when it is differentially detected, an E,/Nyp penalty of
7 dB is incurred in comparison to the coherent detection of GMSK
[65]. This implies that the conventional differential detectors are not
suitable to the GMSK signal. The ensuing work resulted in new re-
ceiver structures which improve the BER. performance of differentially
detected GMSK signals by about 4 dB.

1.6 THESIS ORGANIZATION .

Including this introductory chapter, this thesis consists of five chapters and_ .

two appendices, and is organized as follows.

Chapter 2 presents relevant background material on the differential
detection of digitally modulated signals. The purpose of this chapter is
to review the principle of differential detection and to introduce the basic
concepts upon which the research material of Chapter 3 and Chapter 4 is
built. In Section 2.1 the properties of the differentially detected phase shift
keyed signals are discussed. This section serves as a preamble to Chapter 3
where a new PSK-type modem is introduced. In Section 2.2 the differen-
tial detection of continuous phase modulated (CPM) signals is discussed.
The core of this section deals with Gaussian minimum shift keying. For
comparison with differentially detected GMSK, a brief discussion on other
bandwidth efficient CPM signals (such as Tamed Frequency Modulation) is
also included.—Fhe last section of this chapter summarizes the bandwidth
and detection efficiencies of various differentially detected signals.



Chapter 3 introduces the aforementioned new quadrature modulation
technique designed for Frequency Division Multiple Access {FDMA) oper-
ations when the transmitters utilize nonlinear amplifiers. This technique is
called differentially detected controlled transition phase shift keying, The
bit error rate performance of DCTPSK is first evaluated using a conven-
tional differential detector. Then in Section 3.6 two new receiver structures
are introduced. The new receivers require twice the number of differential
detectors and additional baseband processsing to improve the bit error rate
performance of DCTPSK. The-implementation of the DCTPSK modem and
the results of the performance evaluation measurements are presented in
Section 3.7. The modem circuit diagrams and the operating instructions
are given in Appendix A.

‘Chapter 4 deals with improving the BER performance of differentially
detected GMSK. For this purpose we first analyze how intersymbol interfer-
ence degrades its performamce whemn conventional differential detectors are
employed. An approach to reduce the effects of intersymbol interference is
" therefore determined. This leads to receiver structures which employ deci-
sion feedback. Then the performance of the proposed receivers is evaluated.

Finally, in Chapter 5, the conclusions reached from the work performed
for this thesis are summarized, and various suggestions for future research
on differential detection are given.

The listings of the computer programs which were used to evaluate the
bit error rate performances of the systems employing differential detection
are presented in Appendix B.

10



Chaptér 2

DIFFERENTIAL
DETECTION
(BACKGROUND
MATERIAL)

The aim of this chapter is to review the basic principles of differential de-
tection and discuss the performances of various existing modem techniques
which use differential detection. Thus, this section will serve as the back-
ground for the original research material to be presented in Chapter 3 and
Chapter 4.

In Section 2.1, the application of differential detection to PSK systems is
reviewed. First, we discuss the most frequently used schemes: differentially
detected binary PSK (DBPSK) and differentially detected quaternary PSK
(DQPSK). Then, we demonstrate why conventional differential detection
is not used for offset-QPSK type signals.

Section 2.2 deals with the /diﬁ'erential detection of continuous phase
modulated signals. First, the’general mathematical description of CPM
signals is given. Then, the differential detection of minimum shift keying is
discussed. The relevance of the differentially detected MSK (DMSK) to our
work is that DMSK is a candidate for similar applications that DCTPSK
is intended for (e.g. mobile-satellites). A more bandwidth efficient version

11



of MSK is Gaussian MSK. Since Chapter 4 is devoted to developing new
receivers for GMSK, at this point only the conventional two-bit differential
~ detection of GMSK is briefly dlcsussed For comparison with GMSK, a
brief description of two popular CPM techniques, namely, Duobinary MSK
and Tamed Frequency Modulation is given.

rlri Section 2.3 the bandwidth and detection efficiency of the modems
discussed in Section 2.1 and 2.2 are compared and various tradeoffs are
discussed.

2.1 DIFFERENTIAL DETECTION OF
PHASE SHIFT KEYED SIGNALS

Differential detection was first applied to binary PSK (BPSK) signals {66,
.where information is transmitted in the phase of the modulated carrier.
Later, differential detection of m-ary! signals was also introduced [67-70j.
In this section differentially detected binary PSK, differentially detected
quaternary PSK and differentially detected Offset-QPSK (DOQPSK) are
discussed. '

H

2.1.1 Differentially Detected Binary PSK

DBPSK ig suited to applications where the bandwidth efficiency is not re-
quired to exceed 0.8 b/s/Hz and the system does not include nonlinear am-
plifiers. In early applications, differential detection was considered mainly
as an alternative to coherent detection to provide a simpler implementa-
tion. Later, it was also shown that differential detection is less sensitive to
phase noise and fading than coherent detection [24,71,72].

1VVhere m= 4 8, 16
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2.1.1.1 Transmitter

The block diagram of a DBPSK transmitter is given in Figure 2.1. The
input data can be represented by

o)

s(ty = Y. awp(t — kT}) (2.1)

i k=00
where T is the bit duration?, a; £ 1 and

1, for —-Tu/2£t_<_Tb/2
p(t) = ' (2.2)
0 elsewhere. ,

The differential encoder maps the input sequence {a; = %1} into another
binary sequence {§, = +1} by using the operation

br = agbe-1. (2.3)

s(t})
DIFF " D .
{ax) ENC ({3} Hr(w) \T) (t)
- cosw,t

Figure 2.1: Block .diagram of a DBPSK transmitter.

J\
The transmitted signal can be represented by
o0
z(t) = > bip(t — kT}) cosw,t (2.4)
v.. k=—oo

2For BPSK, the bit duration T} is equal to the symbol duration T,.

] - 13 - -



where w, is the angular frequency of the carrier. As a result of the differ-
ential encoding process, the transmitted signal z(t) changes its phase by
radians when ax = —1 and keeps the same phase when a; = 1.

Another way of expressing the transmitted signal is
z(t) = cos(wet + 0;) for (k—-1)T, <t <kT, (2.5)

where b
g, = X7 6)
= | (2.6)

In a bandlimited system, the transmitted signal can be represented as

o /
z{t) = ( 3. bep(t — kT3) * hr(t)) cosw,t (2.1

k==co

where hr(t) is the impulse response of the transmit filler Hr{w), and # \
denotes the convolution operation.

2.1.1.2 Receiver

There are two receiver configurations for the differential detection of a PSK
signal. The first configuration is the classical integrate sample and dump
(ISD) receiver shown in Figure 2.2. The received signal is first demodulated
by multiplying with two noncoherent carriers in quadrature: cos{w.t + @)
and sin(w,.t + ); where @ is an unknown phase constant. The resultant in-
phase and quadrature waveforms are integrated and sampled synchronously
at ¢t = kT;. The phase #; is computed from the samples. The phase differ-
ence is obtained by subtracting x—; from 6,. Then the phase difference is
mapped into the output bit. The structure shown in Figure 2.2 is applica-
ble to m-ary PSK signals as well. As m changes, the decision rule has to
be changed (73], and T} is replaced by 7.

— The mathematical analysis of the ISD receiver is given in various ref-
erences, including [73-78]. This receiver yields the optimum sample by
sample detection when the signal is not bandlimited [78]. Note that the
configuration of Figure 2.2 requires the recovery of the carrier frequency
(but not the phase).

14



: kT, . )
Foimne
cos(w.t + ©) i - 4
cos(wet + 0)
+n(t) LO
- 14 . Data
‘ tan™"% Decision | Out
90° F
= fx—y + ©
sin{wt + ©) q
(k"]
ka -
N
Figure 222: Block diagram of an integrate sample and dump type receiver
for DBPSK. LO is the local oscillator.(Reproduced from [73]).

/
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The second differential detector configuration is suitable to bandlim-

« ited signals and is more representative of real systems; because in satel-
lite communications and mobile radio the allocated bandwidth is generally
only slightly larger than the symbol rate. The required bandlimiting is
performed by either premodulation lowpass filtering or post modulation
bandpass filtering. The block diagram of the receiver for the bandlim-
ited DBPSK signals is shown in Figure 2.3. The received signal is passed

Recelved

signal y(t . .
g | BPF ® 2 LPF T
- . w/ : kT
T ,

Figure 2.3: Block diagram of DBPSK receiver for bandlimited signals.

. Y

through a predetection bandpass filter (BPF) to -limit the noise entering
the differential detector. The signal at the output of the BPYF can be rep-
resented as

y{t) = i brp(t — kT}) cos(wet + )] * h,{t) + n(t) (2.8)

k=—o00
// )

where h,(t) is the equivalent IF filter response/which characterizes the over-
all filtering (i.e., transmit filtering plus predetection bandpass filtering), ¥
is an arbitrary phase angle, and n(t) is the narrow-band Gaussian noise
which can be represented jas '

n(t) =\n.{t) cosw.t + n,(t)sinw.t. (2.9)
Assuming that h,(t) has a Fourier transform ‘which is symmetrical around
w,, it can be related to its lo Wt h(t) by
S\ h(t) = 2h(t) cosw,t. (2.10)
16



\.‘_/'"\\_,r
-~

~

By using (2.9), (2.10) and noting that A(t) has a bandwidth much smaller
than w,, we can rewrite (2.8) as

Z bgk (t) cos(w,t + 1) + nc(t) cos w.t 4+ n,(t) sinw,t (2.11)

-

where o i
= [ p(r — KTy)h(t — r)dr. (2.12)
—eo .

The differential detection is performed by multiplying y(¢) with a T}
second delayed version of itself and then low-pass filtering the product (see
Figure 2.3). At the input of the LPF we have

d'(t) = y(t)y(t - T).- + (2.13)

The lowpass filter has a flat frequency response up to 2/T; [57], and removes
the second harmonic terms of d (t). Assuming that w.T} = 2nm, the signal
at the output of the LPF is given by

Z bkgk z ngJ t'—Tb +w£t (2.14)

k—-—co J“—OO

where w(t) lumps all the signal times noise and noise times noise terms
together (i.e., the noise is signal dependent). At the sampling instant ¢ =
TLT(,, let |

d, = d(nTy),
Gkn = Gi(nTy),
w, = w(n b) (2.15)
Then (2.14) can be rewritten as
— |
dn - E(Z bkgk,ﬂ) (Z bfg.f.n-—l) + Wy (216)
k i
or :
dn b nbn-15 .+ = 2 Z > bebigrngin-1 + Wa (2.17)
k¢?/¢n—

17



In (2.17), the first term is the signal, thegsecond term represents interéymbol
interference (ISI}, and the last term is fhe noise.

Observe from (2.12) that if A(t) satisfies the first Nyquist criterion [79],
then

-} 1 forg=¢k
Gk = { 0 forj # k. (2.18)

Thus the decision variable d, is given by

1
d,., = Ebnbn—l + Wh. (2.19)

Substituting e, = bnbn-1 (see Eqn. (2.3)), we obtain
A

1
dn = Ea" + Wy, (2.20)
Hence the polarity of d,, produces an esti"mate of the transmitted bit a,.
Following the mathematical description given above, the associated wave-
forms at various points of the DBPSK modem are shown in Figure 2.4.

The eye-diagram of the differentially detected BPSK signal at the in-
put of the threshold comparator is displayed in Figure 2.5. The combined
transmit and receive filter assumed by this figure has a raised-cosine char-
acteristic with a roll-off factor a = 0.5; hence at the sampling instants the
signal does not suffer from ISL.

2.1.1.3 BER Performance in an AWGN Channel

Approaches to-the probability of error analysis of DBPSK systems may be -
classified into two categories : the “indirect analogy” method [67-69,76,77].
and the “characteristic function” method [80,81]. The indirect analogy
method means that the computation of the error probability is based on
the knowledge of other communication systems such as binary orthogonal
systems. This technique does not require the probability density function
(pdf) of the decision variable because the probability of bit error (P} exs,
pression can always be brought to a form that is equivalent to that of a
binary orthogonal system. '
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Figure 2.4: Waveforms at various points of a DBPSK modem.
1 .
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Figure 2.5: Eye-diagram of a DBPSK signal at the input of the threshold
detector. The channel filters have an overall raised cosine characteristic
with o = 0.57w=

The characteristic function method utilizes the pdf of the decision vari-
able (i.e., phase) and computes the error rate taking into account both the
noise correla.t1on and ISI [80].

By using either method, when input bits are equiprobable and additive
Gaussian noise is the only source of degraaa.tlon, the probability of error
expression for DBPSK is given by '

Pb = exp(—E;,/N,,)/2 (2.21)

where E} is the energy per bit and N is the one-sided noise spectral density.

Conversely, the probability of error expfession for coherently detected
BPSK is [82]: - - \

Ey
= erfc No

A comparison of (2.21) and (2.22} indicates that for a BER of 10~*, DBPSK
requires only one dB more Ey/Ny than coherent BPSK?3.

(2.22)

IBER performance curves corresponding to (2.21) and {2.22) are plotted in Figure 2.10
of Section 2.1.2.4.
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2.1.1.4 Improving the BER Performance

When the signal is differentially encoded so that

i ’Il'b;c ﬂ'bk_l
B — 0x_y) = cos(—— —
cos(fy — 0i—1) ( 5 5
then, not only the phases two sampling instants apart, but the entire signal

phase, is correlated. To see this, observe that

r

) — bkbk—l = Ui,y (223)

COS(G], - 9};_2) = QpQp_3 ) (2.24)
COS(Bk - 9&_3) = QpCip-.10k-2 (2.25)
CQS(G}; - Bk—n) = QArQg-)]***Ck—n+1. (2.26)

The conventional differential detector is based on the relationship given
by (2.23), i.e., the phase comparison is between two consecutive samples. If
the conventional one-bit delay detector is refered to as a first order detector,
then the phase comparisons described by (2.24) — (2.26) require second,
third,..., n*® order detectors.

Various receiver structures have been developed which make better use
of the correlation in the signal phase and improve the BER performance by
employing more than one detectors [26-28,30]. For DBPSK the improve-
ment achieved by using both a first and second order detector is about 0.3
dB. However, for other modulation schemes, by utilizing more than one
detectors, bit error rate improvements may correspond to, say, 1.5 dB re-
duction in the required E;/Ny. Two such higher-order receiver structures
developed to improve the BER. performance of the DCTPSK modem are
presented in Section 3.6.

2.1.1.5 Spectrum

A BPSK modulator performs the frequency translation of a baseband signal
to a carrier frequency w, (see (2.4)) —Hence the shape of the spectrum is
completely determined by the baseband signal®. For the infinite band (IB)

4This assumes that there is no post modulation filtering or nonlinear amplification.
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signal defined by (2.1) and (2.2, the power spectrum is given by [82]:

sin((w —w.)Ty/2

Sra(w) = Ty (w—w)Th/2

¢ (2.27)

To utilize the available bandwidth more efficiently, the transmitted
BPSK signal is generally filtered. The spectrum of the filtered signal Sy (w)
is given by: : -M
Sp(w) = Spa(W)|Hr(W)|* .7+ . (2.28)
where Hyp(w) is the Fourier transform of the transmit BPF (or the bandpass
equivalent of the transmit LPF). Note that the spectrum of the modulated
signal does not depend upon the way the signal is detected, i.e., coherent
or differentially detected BPSK signals have the same spectrum.

The theoretical bandwidth efficiency of BPSK modulation is 1 b/s/Hz
[82]. Using practical filters® a bandwidth efficiency of 0.8 b/s/Hz can be
achieved. However, when the system includes nonlinear amplifiers, the
filtered sidelobes of the BPSK signal are restored. In such cases, to minimize
the adjacent channel interference (ACI), BPSK systems are operated with
much lower bandwidth efficiencies. ‘ :

2.1.2 Differentially Detected Quaternary ];’_%K\

. 4

DBPSK, as presented in Section 2.1.1, is.the simplest dii’ferenti%l detection
- system, and achieves a good bit error rate performance of only about 1 dB
away from coherent BPSK. However, the bandwidth efficiency of BPSK is
low. By using two quadrature channels, the bandwidth efficiency of binary
PSK can be doubled. This quadrature modulation technique is refered
to as Quaternary-Phase Shift Keying®. Differentially detected QPSK is
extensively used in voice-band modems [59,83], and HF communications
[84]; and is being considered for regenerative satellite systems [39-45) and
also for aeronautical satellite communications [46,47].

5For instance, a raised cosine filter with a roll-off factor a = 0.25.
¢Or quadri-phase shift keying.
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2.1.2.1 Transmitter

The block diagra.m of a DQPSK transmitter is shown in Figure 2.6. The.
input binary sequence {c; = %1} has a rate of 7y *. First, {ci} is serial to

cosw,t
a i(t
£ . LPF )
a
Ck .
— §/P Brlf: z(t)
by,
- LPF
, bk Q(t
( sinw,t

Figure 2.6: Block diagram of a DQPSK transmitter.

-

parallél converted (S/P) into two binary sequences {ax} and {b;} such that
S {ax} = {ea} forallk _ (2.29)
 {bx} = {caes1} for all k. - (2.30)

Then, {a;} and {b:} are differentially encoded to produce the sequences
{ak} and {b;}. '

The input signals to the quadrature modulators, refered to as the I and
Q-channel signals respectively, can be represented by

i(t) = _f; dp(t — kT)) (2.31)
Z bip(t — kT,). (2.32)
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In an infinite bandwidth system,

p(t) =

1 - for -T,/2<t<T,/2 ,
{ (2.33)

0 elsewhere.

In the case where the transmitted signal is ba.ﬁdlimited, p(t) in (2.31) and
(2.32) is replaced by the impulse response of the lowpass filter. Note that

‘the input to the transmitter has a rate of T,"}, whereas each quadrature

channel has a rate of T, (where T, = 2T4).

The baseband signals ¢(t) and ¢(¢t) modulate the quadrature carriers
cosw,t and sinw.t respectively. The transmitted signal can thus be repre-
sented by

z(t) = i(t) cosw,t + ¢(t) sin wet. (2.34)

The transmitted signal of (2.34) can also be represented in terms of its
envelope and phase as

' x(t) = s(t) cos(w.t + 8(t)) (2.35)

wher;e
s.(t) = /1%(t) + qz(t) (2.36)
and
f(t) = tan™! ‘fﬁ)—. (2.37)

Observe from (2.31)\, (2.32) and (2.36) that when the signal is filtered,
i{t) and ¢(t) may assume zero amplitude simultaneously. This means that
the signal envelope s(f) experiences 100% fluctuations.

A signal-state diagram (SSD) conveniently displays the amplitude and
phase variations of a signal. To draw the SSD of the signal described by
(2.34), assume that the z and y-axes represent the carriers cosw.t and

sin w,t respectively. Then drawing i(t) versus ¢{t) produces the signal-state
diagram.

The SSD of the unfiltered QPSK signal is shown in Figure 2.7. The
instantaneous carrier phase changes resulting from the modulation of the
carrier by the data are 0, +#/2 and 7 radians.
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The SSD of QPSK signal when the signal is filtered and the Nyquist 1
criterion is satisfled is as shown in Figure 2.8. Again every T, second the
signal is at one of the corner states. However, this time the phase changes
of 0, &7/2 and 7 radians are not instantaneous.

Figure 2.7: Signal-state diagram of an unfiltered QPSK signal.

2.1.2.2 Receilver

The differential detection of a QPSK signal is similar to that of a BPSK
signal; however, for QPSK two differential detectors are needed. The re-

ceiver block diagram is shown in Figure 2.9. The signal-at the output of
the BPTF can be represented as

y(t) =7s'(t) cos(w.t + 8'(t)) + n.(t) cosw,t + n,(t) éinwct. (2.38)

If the transmit and predetection filters satisfy the first Nyquist criterion,
then §'(kT,) is a constant and §'(kT,) = §(kT,) = nn /2.
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Figure 2.8: Signal-state diagram of a filtered QPSK signal. The filter has
a raised-cosine characteristic with @ = 0.5 (including a z/ sin z equalizer).

kT

45°

o

LPF

BPF

T,

-45°

—C

LPF

g

+

kT

Figure 2.9: Block diagram of DQPSK receiver for bandlimited signals.
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The differential encoding at the transmitter ensures that

AD, = B(KT,) — 8((k — 1)T.) = 0 — 84y = mk% (2.39)
where ' - —
mpy=0 for ax= 1 and b= 1
~mg=1 for ar= 1 and b = -1
mp=2 for ap=-1 and &, = —1 (2.40)
my; =3 for ap=-1 and bk= 1.

) In the I-channel detector, the received signal is multxphed by a T, se¢ond
delayed and 45° shifted version of itself, i.e.,

di(t) = y(t)y(t — To)ase . (2.41)

The 'iowpass filter which follows the multiplier has a flat characteristic up
to 2/T,, and the signal at the output of the LPF can be represented as

dr(t) = s(t)s{t — T,) cos(8(t) — 0(t — T,) + =/4) + w,(2) (2.42)
where wy{t) represents the combined noise terms.

At the sampling instant ¢ = kT, the input to the I-channel threshold
comparator can be written as

dy; = SpSk-1 cOS(O — Op—y + 7/4) + wy 1. (2.43)

Note that s, and s,_; are positive quantities, and in the absence of noise
by using the relations given in {2.39) and (2.40) we find

sgn[d 7] = ax, (2.44)
where
1 for z2>0; -
-1 for z<O. '

In the @Q-channel detector, the received signal is multiplied by a T
second delayed and —45° shifted version of itself. At the sampimg instant
t = kT,, the output of the @-channel detector is:

di,g = SkSk—18in(fy — Oy + 7r/4) + wi,g. (2.46)
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Again in the absence of ISI and noise,

sgn[dk Ql = bk (2 47)

The output data sequence & is obtained by parallel to serial conversion -
{(P/S) of the I and Q-channel detector outputs.

2.1.2.3 BER Performance in an AWGN Channel

The calculation of the probability of bit error_for DQPSK is similar but

significantly more complex than that for DBPSK. The probability of error
is evaluated via the probability density function of the.phase [74,85,86].
Assuming that there is no ISI, the probability of bit error is given by [74]:

P, = Q(a,b) — %Io(ab) exp[—%‘(az +8%)) (2.48)
where Q(a,b), I.(z) , a and b are defined as:

Q(a.t) = expl=(a* + 5| (5) Llab), (2.49)

-

a+2k
(z/2) for >0, (2.50)

k! (o + &)Y)

=‘/£\;0(\/2+\/§—\/2—\/§), (2.51)
E, [
=*/2N0(\/2+\/§+V2_\/§)' (2.52)

The probability of bit error performances of DBPSK, DQPSK and co-
herent BPSK” obtained by evaluating equations (2.21), (2.22), and {2.48)
are plotted in Figure 2.10. Observe that at high E,/Np values, DQPSK\
is approximately 2.3 to 2.5 dB poorer in performance than coherent PSK.
Hence coherent BPSK ¢an be easily replaced by DBPSK. However, the
tradeoff between coherent QPSK and DQPSK is a more complex one.

|
For m-~ary PSK systems (where m > 4), the difference between coherent
and differential PSK asymptotically becomes 3 dB [79,p.253].Note that the
BER performance of DQPSK is rather close to this asymptotic value.

) I(z) =

i

"BER performances of coherent BPSK and coherent QPSK are identical.
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Figure 2.10: BER curves for DBPSK, DQPSK and coherent BPSK (or
QPSK). '

29



2.1.2:4 Specfrum //'

‘ : /
The power spectrum of the DQPSK signal is similar to the spect i of the
DBPSK signal. For the infinite bandwidth DQPSK signal, b r%?cing
T, =T,/2 in (2.27), we obtain

. ‘ ¥ e
31n((w—wc)T-/4] e (2.53)

, Ss(w) =T, [ (W — ) To/4

Noté that for an input data rate of, say, 100 kb/s,the first spectral null of

the DBPSK signal is 100 kHz away from the center frequency, whereas the
first spectral null of the DQPSK signal is at 50 kHz.

The theoretical bandwidth efficiency~of QPSK signal is 2 b/s/Hz [82).
Using practical ﬁlters, a ba.ndw1dth efﬁc:ent:y in the range of 1.6 b/s/Hz
can be achieved.

—

When the system includes nonlinear amplifiers, the filtered sidelobes
of the QPSK signal are restored. This is demonstrated in Figure 2.11;
where (i) unfiltered, (ii) ﬁIter’ii, and (iii) filtered and then hardlimited
spectra of QPSK are plotted e filter used is a square-root raised cosine
with @ = 0.5 and includes a z/sinz equalizer®. A hardlimiter represents
a pessimistic model of the amplitude response of a nonijnear amplifier.
A typical class-C power amplifier may have the characteristics shown in’
Figure 2.12 (reproduced from [87]).

The spectral regrowth of a nonlinearly amplified DQPSK is a major
disadvantage for using it in an adjacent channel interference environment.
For this reason, in Chapter 3 we shall 1n}roduce a new modem which re-
duces the spectral regrowth while retaining the basic structure of a DQPSK
modem.

8In short-hand notation: (z/sinz + va = 0.5).
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Figure 2.11: Spectra of DQPSK signals: (i) unfiltered, ii) filtered
(z/sinz -+ v = 0.5), and (iii) filtered and then hardlimited.
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Figure 2.12: AM/AM and AM/PM characteristics of a typical class-C
power amplifier. Reproduced from [87].
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2.1.3, Differential Detection of Oﬁ'set-QPSK
Type Signals | _

In the previous section we have seen that a filtered QPSK signal may have
100% envelope fluctuation and if it is passed through a nonlinearity the
filtered sidelobes are mostly restored. A variant of QPSK is Offset-QPSK
[82]. In comparison to a2 QPSK signal, the spectral regrowth of a filtered
OQPSK sigtl. after a nonlinearity is much less. This can be observed
from Figure 2.13 where the spectra of filtered QPSK and OQPSK after a
hardlimiter are plotted. The transmitter filter used is: z/sinz+ v = 0.5.
Note that the spectra of QPSK and OQPSK before the hardlimiter are
identical (see Figure 2.13).,

When coherent detection is employed,-the ideal theoretical BER perfor-
mances of QPSK and OQPSK are identical [82]. A natural question at this
point is: Are the BER performances of differentially detected QPSK and
OQPSK identical ? The answer is NO, and the mechanism which causes
the performance difference is explained below.

-

{
2.1.3.1 Transmitter

The block diagram of an OQPSK transmitter (including a differential en-
coder) is shown in Figure 2.14. The input binary sequence {¢; = %1} has
a rate of Ty '. First, {cx} is serial to parallel converted into two binary
sequences {a;} and {bk} such that .

{ar} = {eax}  forall k ‘ (2.54)

and

{b} = {Cgk+1} for all k. (2.55)

Then, {ax} and {b;} are differentially encoded to produce the sequences
- {ak} and {&;}. The differential encoding required here is the same as that
of DBPSK, i.e.,

a\ = axd,_,, (2.56)
and - ,
L= byb . o (2587)
33
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Figure 2.13: Spectra of filtered QPSK and OQPSK signals before and after
a hardlimiter. The filter is ¢ z/sinz + v =0.5
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Figun;. 2.14: Block diagram of an OQPSK transmitter (including a differ-
ential encoder}.

In OQPSK, one of the quadrature cha.nne=1r signals is delayed by T} =

T,/2 seconds. Thus the instantaneous phase change of 180° is eliminated

and the possible phase changes (every T}, seconds) are 0°, +90° and —90°.

The differential encoding ensures that when ¢, = 1, the phase of the signal
_.changes by *90°% and when c; = —1 the phase remains the same.

The transmitted OQPSK signal can be represented as

z(t) = 3 aip(t — kT.) coswet + 3, b’kp(t—kT,—%) sinw.t  (2.58)

k=—o00 < k=-—00

where T, is the symbol interval (T, = 2T}), and p(¢) is the baseband pulse
shaping. By changing the baseband pulse shaping, various Offset-QPSK
type signals have been obtained [88-91].

Equation (2.58) can also be written as
z(t) = i(t) cosw,t + g(t) sinw,t (2.59)

where i(t) and ¢(t) are the I and Q-channel modulating signals. The wave-
forms associated with the OQPSK transmitter of Figure 2.14 are shown in
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Figure 2.15.

The SSD of the unfiltered OQPSK signal is shown in Figure 2.16. This
SSD is obtained by drawing trace (d) versus trace (e) of Figure 2.15. Note
that the signal occupies one of the four corner states for a full bit interval,
and the transitions from one state to another are instantaneous.

In Figure 2.17 the SSD of a filtered OQPSK signal is shown. The filter
used in this case is a z/ sin z+a = 1. The signals ¢(t) and g(t) corresponding
to this SSD are trace (f) and (g) of Figure 2.15. Note that when the signal
is filtered, the transitions from one state to another take a finite duration.

2.1.3.2 Receiver

is shown in Figure 2.18. Since the signal phase may change every bit

The receiver block diagram oi: differentially detected OQPSK (DOQPSK)
interval, the required delay is f\l"z, seconds.

For illustrative purposes, let\:q_ﬁrst consider the differential detection
of an unfiltered (i.e., infinite bandwidth) OQPSK signal. At the sampling
instant ¢ = kT, the signal is at one of the corner states {see Figure 2.19).

Let us denote the signal phase as #;, and the differential phase angle as
Afy; where

AH}, = 91, - Bk—l- (2.60)
Recall from the differential encoding rule that for ¢he unfiltered signal, A8,

can take three values: 0°, +90° and —90°. The dé&goding rule is given by:

1 if |AG > 45°,
& = ' (2.61) ’
—1 otherwise; '

where & is the estimate of the transmitted bit c;.

The differential detectioq‘}yf an unﬁltered OQPSK signal is not of any
practical value, because an unfiltered OQPSK signal does not provide any

———advantages-over a QPSK signal.

Let us now focus on the filtered OQPSK signal, and assume that the
composite transmit and receive filter has a raised-cosine characteristic with
an o« = 1. In this case the transitions take place in a finite duration. At
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Figure 2.15: ¥aveforms associated with an OQPSK transmitter.
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Figure 2.17: Signal-state diagram of a filtered OQPSK signal. The filter is
az/sinz+a=1.
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Figure 2.18: Block diagram of DOQPSK receiver.

the sampling instant ¢ = kT, the signal is at one of the 8 states shown
in Figure 2.20.2. Observe that in this case the minimum differential phase
angle between two states (i.e., the “phase margin”) can be as small as 45°.
The phase margin can be increased by sampling at ¢ = kT, + T3/2; then
the possible signal phases are as shown in Figure 2.20.b. Note that there
are four clusters, and in each cluster there are four points’. From one
sampling instant to the next,’if the signal stays within the same cluster,
then the output of the decision device is a “+1”. If the signal moves from
one cluster to the other, then the output of the decision device is a “-1”.

2.1.3.3 BER Performance in an AWGN Channel

The bit error rate performance of DOQPSK has been estimated by us-
ing computer simulations!®, and the result is plotted in Figure 2.21. The
assumed composite transmit and receive filter, has a raised-cosine charac-
teristic with @ = 1, and the sampling time is k7, + 7} /2. In Figure 2.21, the

®QOnly the corner points are free from ISI.
10Program listings are given in Appendix B.
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Figure 2.19: Signal states of unfiltered OQPSK at sampling instants
(t = ka).
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Figure 2.20: Signal states of filtered OQPSK at sampling instants (a)
. t=kTy; (b) t = kT, + Ty/2. The filteris a z/sinz+ a =1.
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ideal theoretical BER performance of DQPSK is also plotted. A compari-
son of the two curves indicates that to achieve a BER of 10™*, DOQPSK
requires about 3 dB more E,/Ny than DQPSK. The difference in perfor-
mance is attributed to the difference in the phase margin. In DQPSK
the phase margin is 90°, whereas in DOQPSK the phase margin is about
58°. A factor in determining the phase margin is the filter roll-off factor .
Figure 2.21 indicates that as a is reduced from 1 to 0.5, the performance
degrades significantly. ) .

- There are several Offset-QPSK type signals (e.g., [88-90|; however, we
have not seen any references on the application of differential detection to
any of them. This can be explained by the fa€t that when Offset-QPSK
type signals are differentially detected (by using conventional symbol-by-
symbol detectors), the phase margin is reduced. Consequently, the BER
performance is significantly inferior to that of DQPSK. This argument also
applies to other signal constellations where the phase margin is small. For
exa.rﬁp.le in Tamed Frequency Modulation the phase margin is\45°, and the
resulting performance is significantly inferior to DQPSK [92].
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2.2 DIFFERENTIAL DETECTION OF
CONTINUOUS PHASE MODULATED
" SIGNALS

In digital transmission, low adjacent channel interference necessitates low
spectral sidelobes, which, in an environment where efficient (i.e., near satu-
rated) operation of power amplifiers is also required, implies that constant
envelope signals must be used. In PSK systems, the discontinuities in the
phase were seenin the last section to result in high spectral sidelobes. The
filtering applied to reduce the sidelobes resulted in nonconstant envelope
signals which-'made the modulations more sensitive to nonlinearities. A
class of digital modulation schemes which satisfy both .the constant enve-
lope and The low spectral sidelobe properties are called Continuous Phase

_Modulation (CPM) schemes [93]!1.
In CPM systems, the transmitted signal can be represented as
z(t) = cos(w.t + ¢(t)) - (2.62)

where w, is the carrier frequency and ¢(t) is the information carrying phase
which can be expressed as

B(t) =27k Y arg(t — kT). | (2.63)

In (2.63), k is the modulation index, {a,} are the m-ary data symbols which
take the values +1, &3 .- (m~1), and g(¢) is the phase response defined
by . -

¢
| o a=[ s (2.64
“where p(t) is the pulse shaping.

The shape of p(t) determines the smoothness of the information carry-
ing phase. The rate of change of phase {i.e., the instantaneous frequency)
is proportional to the modulation index k. If the pulse shape p(t) is nor-

malized so that o -
'f p(t)dt = 1/2 (2.65)

-0
14Tn |93] Sundberg provides an extensiv%bliogmphy on CPM systems.
' : , v
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then the maximum phase change over any symbol interval is {m — 1) hn.

By choosing different pulse shapes p(t), and by varying the parameters
h and m, a great variety of CPM schemes can be obtained. In this thesis
we shall keep h = 0.5 and m = 2, and the bandwidth/power tradeoff will be
achieved by varying the pulse shaping. This approach has the advantages of
being simpler (because the receiver structure remains essentially the same)
and also provides compatibility with coherent systems, where A = 0.5 is
frequently chosen so that a simple quadrature receiver can be used [94,95].

2.2.1 Differentially Detected M[inimum Shift Keying

Minimum Shift Keying is the simplest and t,'he most widely used form of
CPM, which can be more precisely refered F’o as continuous phase binary
frequency shift keying. Coherent MSK was introduced in 1961 {96]. The
differential detection of MSK was first reported by Hubbard in 1967 [97]!2.
Later, various aspects of DMSK were stiidied [65,98-102]. In this section we
~ shall review the principle of DMSK and;briefly discuss its major properties.

v

2.2.1.1 Transmitter -

In MSK, the modulation index & is equal to 0.5, the input symbols a; take
the values %1 and the pulse shape is given by

Y

1
o7 fo_rOlgtST

p(t) = (2.66) -

0 otherwise.

where T is the bit interval (i.e., T = T})!3. Since the pulse is confined to a
one-bit interval, the phase change over any bit interval is exactly 4 /2.
In a particular interval, the phase ¢(t) can be expressed as
apm ' :
8(t) = ()t + ¢ for —T<t<kT (2.67)

13Hubbard refers to DMSK as FM-Differentially Coherent BPSK.
13Tn the rest of this section T refers to Tj,.
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where

= input data (+1) transmitted at rate 777,
Y = constant phase valid for kT - T <t £ kT.

To satisfy the phase continuity condition, the necessary requirement is

-
R (N 1)5 (2.68)

The MSK transmitter is generally implemeﬁted in the formof an OQPSK
transmitter with sinusoidal pulse shaping. The equivalance of the trans-
mitted signal using an FM type or an OQPSK type modem is shown in
various references, including {103,104}

" 2.2.1.2 Receiver

The block diagram of a DMSK receiver, is shown in Figure 2.22. This

sn) v~ [l [ e

T [=90°

Figure 2.22: Block diagram of a DMSK receiver.

receiver is basically the same as the on¢ used for the differential detection
of BPSK. The received signal is

z(t) = cos(w.t + ¢(t)) + n(t) (2.69)
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where n(t)-is the white Gaussian noise. At the output of the BPF the signal
can be represented as :

. [

y(t) = r'(t) cos{w.t + ¢'(t)) + n.(t) cosw.t + n,(t) sinw,t (2.70)

where 7'(¢) is the envelope of the filtered signal, ¢'(t) is the distorted signal
" phase, and n.(t) and n,(t) are the components of the narrowband Gaussian
noise. The BPF introduces ISI, and its effect is taken into account in the
simulations: 7To-simplify the following discussion, shall assume that the
effect of th predetectxon BPF on the pha.se and the envelope of the signal

. The output of the multiplier is given by

y(2)s(t — T)oos /

= “% sin(2w .t — w.T + ¢’dt) + ¢(t —VVT)) \,‘5(
b Dsin(T +6(1) ~ 90— T) +nkle (271

where n.(t) lumps together all the terms containing the noise components.
The LPYF and removes the second harmonic terms. Assuming that wcT =
2mn, then the signal at the input of the decision device is

d(t) = —;-sin(qb(t) ~ §(t = T)) + nrlt). (2.72)

At the sampling instant t = kT, by substituting the expression of ¢(t) (see
(2.67)) into (2.72), the decision variable can be written as

d(KT) = 5o + nr(kT) (2.73)

Then, ' : '
dr = sgn [d(kT)] : (2.74)

Note that the receiver for DMSK (i.e., Figure 2.22) is consldera.bly 51mp1er
than the one required for DQESK. .
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2.2.1.3 BER Performance in an AWGN Channel

The BER performance of DMSK has been analytically calculated by Ogose
et al [105] and also by Simon and Wang [65]. The analytical calculations
use the probability distribution function for the phase difference between
the two vectors after they have been perturbed by narrowband Gaussian
noise [85]. The BER performance of DMSK has also been estimated via -
simulation techniques [98,101,106]. The results obtained by analytical cal-
culations and by simulations are in good agreement. The simulation ap-
proach i is more suitable if the receiver includes complex procesyng circuitry,
and is also more flexible in terms of specifying different filter types and pa-
‘ rameters. (

. The analytically calculated BER performance of DMSK is reproduced in

Figure 2.23. In the same figure, we have also included the BER. performance
results of our simulations [106]. In both approaches, the predetection BPF
used has a Gaussian characteristic with a BT=1.25 (i.e., the optimum
value for the predetection Gaussian filter). Observe that the analytical
and simulation results match quite closely. To provide a reference point,
the ideal theoretical BER performance of of DBPSK is also plotted. DBy.
comparing the performances of the two modems, it can be observed that for
the same bit error rate (e.g., 107*), DBPSK requires about 3 dB less %, /Ny
than DMSK. This is due to the fact that DMSK suffers from ISI; whereas -
for DBPSK the conditions of no ISI can be satisfied (see Section 2.1.1.2).

~
2.2.1.4 Spectrum Y
\
The easiest way to calculate the\iko}zeg, spectrum of MSK is to treat it as
an OQPSK signal with a symbol shaping function v(t) defined by

cosZ ¢ <T |
v(t) = { “ | (2.75)
0 elsewhere. '
Then the spectral density S(w) is given by [104] \ -

cos{w — w, )T

S(w) = |Flv(@)]* = 16W2T(7r2 —4(o —w.) T

)? (2.76)

47



BER

10°

107t |

b

( DMSK
_ , simulation)
1072
; N
. \\
\
t \
1073 ~ N\
~ DBPSK .
1074 - .
\\
\\
1078 ’ ) T T
0 2 4 6 8 10
Ey/No (dB)

-

Figure %j23: BER performance of DMSK.
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where 7 represents the Fourier transform. A comparison of (2.76) and
(2.53) indicates that MSK has a 50% larger mainlobe than QPSK but its
sidelobes decay faster (at the rate-of w* rather than w?).

2.2.2 Gaussian Minimum Shift Keying
Gaussian Minimum Shift Keying provides constant envelope signals with a

compact spectrum. It was introduced initially for digital transmission in
mobile radio communications systems [94].

2.2.2.1 Modem Requirements for Land Mobile Communications

In landymobile radio communications the major properties required from a
modefn technique can be enumerated as follows~=

A bandwidth efficiency of 0.65 b/s/Hz or better;

Out-of-band power attenuation of more than 60 dB;

Constant envelope transmitted signal;

Fast signal acquisition.

Let us briefly examine why these requirements are imposed. The first
requirement is needed to achieve the same bandwidth efficiency as analog
voice transmission by using digital voice transmission. The existing mobile
radio systems use analog FM for the transmission of voice in a 25 kHz
channel spacing. Comparable quality digital voice transmission requires a
bit rate of 16 kb/s [11,94,107]. Hence the bandwidth efficiency should be
0.65 b/s/Hz or better.

Since the analog and digital voice may be transmitted in adjacent chan-
nels, to keep the degradation of the analog voice at a tolerable level, the
power spilling into the adjacent channel should be 60 dB less than the power
in the main channel.

The constant envelope signals are required to efficiently utilize the trans-
mit power amplifiers and to reduce the effect of fading on the receiver per-
formance.

N
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The rapid signal acquisition prop'erty is required because the signal
is subject to frequent fading. For this reason, in mobile communications
noncoherent detectlon schemes are preferred

MSK or PSK schemes cannot satisfy the 0.65 b/s/Hz bandwidth ef-
ficiency, the 60 dB out-of-band power attenuation and constant envelope
properties simultaneously. However, in recent years, a number of modula-
tion techniques have been invented to satisfy the above listed requirements
[92,94,108,109].' The best known of these schemes are Tamed Frequency
Modulation {TFM) and Gaussian Minimum Shift Keying. The major prop-
erties of differentially detected GMSK are described below.

2.2.2.2 Transmitter

The ’t?ock diagram of a GMSK transmitter consisting of a differential en-
coder/a Gaussian low-pass filter (GLPF) and an FM modulator is shown
in Figure 2.24 The differences between a GMSK transmitter and a MSK

“  pm b s(t) |
— D& +——aLpF z(t)
_ —

Figure 2.24: Block diagram of a GMSK transmitter. The differential en-
coder is not needed for one-bit differential detection.

transmitter are the additional differential encoder and the GLPF. The dif-
ferential encoder is required for the two-bit (and higher order) differential
detection. For two-bit differential detection, it performs the operation de-
scribed by

b" = —ﬂ'."b,',,_l. (2.77)
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The input to the GLPF is a non-return to zero (NRZ) sequence. The output
of the GLPF can be expressed as

= 3 bplt —iT)  (278)

t=—0c0

where {b; = £1} and p(t) is the pulse'* response of the transmit GLPF
given by [110] :

4

p(t) = o= (@R BT(—5)) - QUaBT(1 - 7)) (2.79)

In (2.79), B, is the 3 dB bandwidth of the GLPF*, k, = 7.546
Qla) = o= [ exp(~v*/2)dy. (2.80)
Va2 Jx

The output of the FM ‘modulator can be expressed as:
z(t) = cos{w.t + ¢(t) + ¢) (2.81)

where w, is the carrier frequency , i is the initial phase (which can be
assumed as zero) and ¢(¢) is the excess-phase defined by

) = kn f or)dr =kn 3 bf‘ plr —iT)dr  (2.82)

j=—e 77

where k., is 2 constant equal to 7/2T (so that the modulation index A=0.5).

The transmitter block diagram of Figure 2.24 is a conceptual one. Im-
plementing the GMSK transmitter using an FM modulator leads to certain
practical difficulties (e.g., VCO drift). For this reason, implementing the
transmitter in the form of a quadrature modulator which uses a look-up
table is prefered [109].

The spectrum of the GMSK signal for various values of B,T is calculated
via computer simulations and is plotted in Figure 2.25.

14Contrary to the more familiar impulse response.
15thus B, T is the bandwidth-time product.
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Figure 2.25: Spectrum of GMSK for various B;T values.
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- 2.2.2.3 Conventional Two-Bit Differential Detection"

The GMSK signal can be detected by using an n-bit differential detec-
tor,.._(_where n = 1,2,...). However, it has been shown that a two-bit differ-
ential detector yields better performance than a one-bit differential detector
[110,111}. In this section we shall review only the two-bit differential de-
tector. -

Figure 2.26 illustrates the block diagram of the conventional two-bit
differential detector. The output of the two-bit detector d;{t) is obtained

z(t) + n(t) BPF y() ) PR ht) | j[ &

2T d.c. bias

Figure 2.26: Block diagram of the conventional two-bit differential detector.

by multiplying y(¢) with a 2T seconds delayed version of itself and then
lowpass filtering the product, i.e.,

d3(t) = r(t)r(t — 2T) cos( n S [ p(r — jT)dr) +na(t)  (2.83)
e Iy '
where n(t) represents all the noise terms.
3
At the time instant kT, d,(t) is given by
B

d,(kT) = r(kT)r(‘kT — 2T) cos( i b;Vi;) + n2(kT) (2.84)

j==~00
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{

where _ _
Viei = kn f L P(r—=3T)dr (2.85)

In this section; for illustrative purposes, only the case where B,T = 0.25
is considered. This value of B:T optimizes the spectrum utilization in
cellular mobile radio communications [112,113]. The effect of varying the
BT on the BER performance is discussed in Chapter 4.

The values of V; for B;T' = 0.25 are as follows:
Vo = V]_ = 70.69.

Vo1 =V:; =18.2°
Vim0 for + >3 and 1'52.‘

Thus, we can rewrite (2.84) as
dy(kT) = r(kT)r(kT — 2T) cos(AV}) + no(kT) (2.86)

where ‘
AVi = byt Vg + beVo + bpoy Vi + biazVa. (2.87)

The differential phase angles AV} corresponding to the 16 possible com-’
binations of {by_2b5—1brbi+1} have been tabulated in Table 2.1. Using Ta-
ble 2.1, the phase-states at the decision instants for the two-bit dxfferentlal
detector are shown in Figure 2.27.

To determine the polarity of the output bit, as a first approximation,
let us assume that the decision threshold is the y-axis. When the phase
difference {AV;) is to the left of.the y-axis, —bibr_, i3 “+17; otherwise
—byb,_; is “~1”. Recall that a; = —bybe_;. Hence, as a first approximation,
the deécision law is given by

&kz

1 for —7w/2< AV, <m/2
{ (2.88)

1 elsewhere.
From Figure 2.27 we see that the phase-states at the output of the two-

bit differential detector are not symmetrical with respect to the y-axis. As
a result of this, the corresponding eye-diagram shown in Figure 2.28 is also
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Bit Combinations State AV
be—z b1 b bryn (in degrees)
o | 1 -1 1 7 37.6

1 -1 1 1 7 37.6

1 1 -1 -1 8 0.0

1 -1 1 --1 | "8 0.0
-1 1 -1 1 8 0.0 ~
-1 -1 1 1 8 0.0
-1 I -1 -1 9 -37.6
-1 -1 I -1 9 -37.6

1 -1 -1 1 10 -103.6

1 -1 -1 -1 11 -141.2
-1 -1 -1 1 11 -141.2

-1 -1 -1 -1 12 -178.8

1 i 1 1 12 178.8

1 1 1 -1 13 141.2

-1 1 1 1 13 141.2

-1 1 1 -1 14 103.6

Table 2.1: Differential phase angles AV} of the two-bit detector correspond-
ing to various input data combinations (B,T = 0.25). Contributions of bx;»

and b;_3 are ignored.
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Figure 2.27: Possible differential phase angles AV, in conventional two-bit

differential detection (B,T = 0.25). _ k

Figure 2.28: Eye-diagram of the conventional two-bit differential detector
at the output of the LPF (BT = 0.25). .
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asymmetric. To improve the performance, in Figure 2.27 the thresholds
should be placed midway between the states 7 and 14, and the states 9 and
.10. This is equivalent to inserting a bandpass limiter after the BPF and
applying a dc bias to the threshold comparator [65] (i.e., the new threshold
is the zz' line in Figure 2.27.).

2.2.2.4 BER Performance of Conventional Two-Bit Differential
Detection :

The analytical calculation of BER performance of DGMSK is similar to
that of DMSK. The additional factors to be considered are:
¢ In DMSK the ISI is only due to the predetection BPF, and it extends
over 3 bit intervals. Thus in determining the phase angle between two
vectors, the averaging should be done over all possible three bit com-
binations. In DGMSK the ISI is due to transmit GLPF and the pre-
detection BPF, and extends over a longer time interval. For example,
when B;T = 0.25, then the averaging should use 5 bit combinations
[110].

¢ In the two-bit differential detection of MSK, the asymmetry in the
received signal levels is negligible. In the two-bit differential detection
of GMSK, the asymmetry is significant and an adjustable threshold
is necessary (the threshold level is dependent on E,/Ny).

Taking these factors intc account, Simon and Wang have calculated the
BER performance of two-bit differential detectjjon [110]. For the system
where B, T = 0.25, the analytically obtained BER curves {when the prede-
tection BPF bandwidth and the threshold levels:are optimized) are shown
in Figure 2.29.

For evaluating the BER pérforma.nce of the two-bit differential detection
scheme, we have used simulations based on the Monte Carlo error counting
technique. Using the optimum parameters given by Simon and Wang [110],
. the curves obtained via simulations are also plotted in Figure 2.29, and the
close agreement between the simulation and analytical results is observed.
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Figure 2.29: BER performance of GMSK)| using conventional two-bit dif-
ferential detection. Transmit LPF has BT = 0.25, predetection BPF has
BT = 1.25 (both filters are Gaussian).
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2.2:;,3 Tamed Hequency'quulatiqn ,

Tamed Frequency Modulation was introduced speciﬁcally for digital mobile
radio communications [108]. The. block diagram of a TFM transmitter is
shown in Figure 2.31. The difference between TFM and GMSK is the
pulse response of the premodulagion filter. The spectrum of TFM is almost
identical to the spectrum of GMSK with B.T = 0.22 (see Figure 2.30).

&

- .

Figure 2..30: Block diagram of a TFM transmitter.

¢

Uwg the notation introduced at the beginning of this section, the pulse
shaping function p(t)-for TFM can be represented by [93]:

p(t) =g[PO(t“T)"*‘sz(f)+Po(t+T)], L (e
@ " .
where ’ L, ' . - s
ok 1 2= cot(T) — 5
. pot) wein() (L - 22 FRD I ()
- T3 .

TFM can bt differentially detected by using a conventional two-bit
symbol—by—symbol differential detector. However, the resulting BER per;
formance is rather poor [92]'®. Our simulation results indicate that for a
BER of 1074, an E; /Ny of 20.5 db is required. This can be explained by

the fact that in TFM the 51gnal phase changes by £90° or i45° over a bit -

interval. Hence the phase margin is only 46°,

-

}$This conclusion is reachea in {92]; but & quantitative result for BER < 1077 is not
‘presented. g,

B ¥ oa

' -Premodu]aﬁ'on _ . r—
. it :: ) — =(t) -~
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. 2.2.4 Duobinary MSK

Duobinary MSK'is obtained by inserting a duobinary encoder at the input
of an MSK transmitter. The block diagram of a Duobinary MSK trans-

mitter is shown in Figure 2.32. The opeYation performed by the encoder is |

described by - .

. 1 _

bk = E(a.,, + a.k._]_), ‘ (2.91]
w}here a takes the values +1 and b, takes the values +1 and 0. Hence the

input to the FM modulator can be described by
cs(t) = 3 ben(t), | (2.92)
k
where . . '

(2.93)

= for0<t<T
p(t) =

0 therwise.

Figure 2,32: Block diagram of a Duobinary MSK transmitter.

Y.

J/t’f\‘\he spectrum of Duobha.ry MSK is plotted in Figure 2.31. It can be
observéd that Duobinary MSK is not as bandwidth efficient as GMSK or
TEFM; but it provides a ba.pdwidth efficiency advantage over MSK.

The differential detection of Duobinary MSK is similar to that of DMSj;
[114]. In comparison to DMSK, to achieve a BER of 10~%, differentially

detected Duobinary MSK requires about 4 dB more E;,/I-‘L’o [114]. Hence

the above noted bandwidth efficiency adventage over DMSK is traded off
for detection efficiency. : RN

-
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2.3 ,.C(?NCLUSIONS

. .
We have reviewed the differential detection of PSK, and CPM signals.
It is often desirable to compare the bandwidth and power efficiencies of
these modtilation schemes. Yet, defining comparison criteria which applies
equally well to both PSK and CPM signals is difficult.

PSK signfa.ls are generally filtered and thus have nonconstant envelopes.
The major application of PSK is in linear or mildly nonlinear channels. On
the other hand, CPM signals are particularly suitable to nonlinear channels
because of their constant envelope property. Any post modulation filtering
annihilates this constant envelope property. Therefore CPM signals are
usually not filtered??. | :

Given a certain channel characteristic and adjacent channel interfer-
ence conditions, a performance comparison of PSK versus CPM schemes is
meaningful. But for a general discussion, we shall treat them separately.

PSK

The theoretical bandwidth efficiency of m-ary PSK signals is log,{m)
b/s/Hz!8. However, using practical filters, the bandwidth efficiency achieved
is less than the theoretical limit. . :

Assuming that the transmit filter used has a square-root raised-cosine
characteristic with a« = 1 (plus an x/sinx equalizer), then the 99% and
99.99% bandwidth efficiencies of DBPSK, DQPSK and DOQPSK signals
are as shown in Table 2.2. When the bandwidth is defined as the percent
power containment bandwidth in this manner!®, then it is a function of

the roll-off factor a. Reducing the « increases the bandwidth efficiency as
shown in Table 2.2.

The E, /N required to achieve a BER of 107 is also given in Table 2.2.
Note that BER performance with only conventional differential detectors
is considered (i.e., additional receiver processing is not taken into account).
In comparison to coherent detection, DBPSK provides the best detection

17Rarely, a mild transmit filtering is applied.

18This assumes that a brickwall filter with a cutoff frequency of 1/2T, is employed.

*Various other definitions,of bandwidth (e.g., null to null bandwidth, 3 dB bandwidth
etc.) are given in [115]. .

t
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efficiency. However the bandwidth efficiency of DBPSK is half of that of
DQPSK or DOQPSK.

In DBPSK and DQPSK, as long as the raised cosine shaping is equally
split between the transmitter and the receiver, then the BER performance
is independent of the roll-off factor a. In DOQPSK this is not the case,
- and the performance degrades significantly as « is reduced from 1 to 0.5.

The bandwidth efficiency and detection efficiency values given in Ta-
ble 2.2 are valid only for linear channels. In nonlinear channels the filtered
sidelobes will be partially restored, and hence the bandwidth efficiency
drops. Furthermore, equal splitting of the raised-cosine characteristic be-
tween the transmit and receive filters while satisfying the first Nyquist
criterion is no longer possible. Consequently, the detection efficiency is
reduced as well.

CPM

The bandwidth and detection efficiency of DMSK, differentially detected
Duobinary MSK, DGMSK, and differentially detected TFM signals are
given in Table 2.3. The percent power containment bandwidth assumes that
no postmodulation filtering is applied. The detection efficiency is based on
conventional differential detectors, i.e., no additionakgeceiver processing is
applied.

Among the four CPM.schemes considered, TFM has the best band-
width efficiency, and DMSK has the best detection efficiency. Table 2.3
demonstrates the tradeoff involved between the bandwidth efficiency and
detection efficipncy.

In important criterion which is not included in Tables 2.2 and 2.3 is the
modem complexity. As the systems become more bandwidth efficient, the
modem complexity is increased. Further increase in the modem complexity
may be introduced if the detection efficiency traded off for bandwidth effi-
ciency is to be partially recovered by sophisticated (i.e., non-conventional)
recciver structures. For example, in the case of DGMSK with B,T = 0.25,
a new receiver described in Chapter 4 improves the detection efficiency by
about 4 dB.
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(
99% 99.99% E, /Ny Degradation
Modulation | Bandwidth | Bandwidth for with respect to
Type Efficiency | Efficiency | BER=10"* | Coherent PSK
(b/s/Hz) | (b/s/Hz) (dB) (dB)
0.551 0.57
DBPSK 9.3 0.9
0.72° 0.67"
1.1t 1.0t
- DQPSK 10.7 2.3
1.44° 1.34°
: 1.1t 1.0t 13.6 5.2f
DOQPSK
J 1.44"° \ 1.34* 18.0° 9.6*
!

Table 2.2: Bandwidth and detection efficiency of conventional DBPSK,

DQPSK and DOQPSK. T Raised-cosine is equally split between the trans-
mitter and receiver and the roll-off factor @ = 1. * Raised-cosine is equally
split with « = 0.5.
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. 99% 99.99% | Ey/No Degradation
Modulation | Bandwidth | Bandwidth for with respect to
Type Efficiency | Efficiency | BER=10"1 | Coherent MSK
(b/s/Hz) | (b/s/Hz) (dB) (dB)
DMSK 0.85 0.17 12.3 3.9
Duobinary 1.15 0.25 16.1 7.7
MSK
DGMSK 1.22 0.77 17.2 8.8
(B.T = 0.25)
TFM 1.25 0.8 20.5 121

Table 2.3: Bandwidth- and detection efficiency of differentially detected
MSK, Duobinary MSK, GMSK and TFM.
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Chapter 3

DIFFERENTIALLY |
DETECTED CONTROLLED
"TRANSITION PSK -
(DCTPSK)

3.1 INTRODUCTION

In Chapter 2, we have seen that DBPSK has good detection efficiency but
it is not bandwidth efficient. DQPSK is twice more bandwidth efficient
than DBPSK, but this is at the expense of reduced detection efficiency.
DQPSK is suited to single carrier operation or to applications where the
amplifiers are opefated in the linear region. When DQPSK is used in config-
urations including nonlinear amplifiers, the filtered sidelobes are restored.
Consequently, in a multicarrier adjacent channel interference environment,
DQPSK cannot efficiently utilize the available bandwidth. Conversely, non-
linearly amplified, differentially detected OQPSK has less spectral regrowth
than DQPSK, but its BER performance is rather poor. In conclusion, the
existing differentially detected PSK signals do not provide a good band-
width/power efficiency tradeoff in nonlinear channels.

. CPM signals, due to their constant envelope property, suffer very little
from nonlinear amplification [116,117]. Among the differentially detected

%

66



CPM signals, MSK has the best detection efficiency. However, MSK has a
wide main-lobe (50% wider than QPSK) which limits the efficient utiliza-
tion of the available bandwidth by multiple MSK carriers. As‘differential
detection is applied to more bandwidth efficient CPM signals (e.g., TFM
or GMSK), the detection efficiency drops drastically!.

Based on these conclusions, one of the objectives of my research was
to design a modem which would outperform DQPSK and DMSK modems
when nonlinear amplifiers are used in closely spaced multicarrier operation.

This chapter introduces a new modem technique to fulfill the objectives
mentioned above. In this modem tehnique, the modulator modifies the well-
known DQPSK signal so as to control the path of the phase transitions, and
the demodulator employs differential detection. Hence, the technique used
in the new modem is called Differentially detected Controlled Transition
Phase Shift Keying (DCTPSK).

In the description of DCTPSK which follows,/first the transmit base-
band pulse shaping is introduced; then the operating principle of the modem
is demonstrated with the aid of waveforms at various points in the system.
After presenting the spectral properties of the DCTPSK signal, the BER
performance of the modem is evaluated in a multicarrier adjacent chan-
nel interference environment. In Section 3.6, two novel receiver structures
which improve the BER performance of the DCTPSK modem are then pre-
sented. A description of a laboratory model hardware DCTPSK modem is
given in Section 3.7. Finally, the experimental results of the modem back
to back and satellite link measurements are presented, and various sources
of performance impairments are discussed.

3.2 PULSE SHAPING

The starting point of designing the new modem was a consideration of the
signal-space diagram of various quadrature modulated signals. To reduce
spectral regrowth after a nonlinearity, the signal phase transitions should be

YAt this point, our discussion is confined to using conventional differential detection.
As it will be shewn in Chapter 4, by introducing more complex iver structures, the
loss in detection efficiency can be partially recovered. l
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controlled such that the signal envelope never falls below a certain minimum
level [86]. Let us illustrate this with an example. The SSD of QPSK is
redrawn in Figure 3.1. Assuming that the signal is at state A, then AB;

Figure 3.1: Signal-space diagram of QPSK

AC, AD and AA transitions correspond to carrier phase changes of +90°,
—90°, 180° and 0° respectively. During the AB and AC transtions, the
envelope fluctuates at most 3 dB. However, durjng the AD transition, the
envelope momentarily becomes zero which represents a 100% fluctuation.

Figure 3.2 depicts another SSD, where again AA, AB, AC and AD are
all legitimate transitions. However, in this case, when the AD transition
takes place, the trajectory is AEFD rather than AOD. By changing the
trajectory, the envelope fluctuation is limited to 4 dB. Consequently, the
spectral regrowth after a nonlinearity may likewise be kept at a low level.

It should be noted that SSD only indicates the transition paths. Another
unportant aspect, the speed of transition from one state to another state,
con yed by the SSD. Hence, signals such as QPSK and IJF- QPSK

/‘-‘-' 9] may a the same SSD, yet the corresponding spectra are different. In
unfiltered QP —h/ transitions are instantaneous, whereas in IJF-QPSK
the transitions are smooth and take one symbol duratlon. The smoother
phase transitions. of IJF-QPSK result in a2 more compact spectrum than
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Figure 3.2: Signal-space diagram of DCTPSK

QPSK,; this designémch is also exploited in DCTPSK.

Choosing transitions with smooth functions and also limiting the am-
plitude fluctuation are only one dimension of the signal design. The other
dimension is the suitability to differential detection, and this requires that
the differential phase angles be large at the sampling instants.

The phase characteristics of 2 number of candidate waveform elements
which satisfy the compact spectrum requirement (i.e., smooth transitions)
and have the SSD of Figure 3.2 were studied. Through an iterative process,
the waveform elements which follow were found to satisfy these objectives.

The encoding rules of the selected waveform elements can be formulated
in the following manner. Let {a}} and {b,} be the differentially encoded -
input symbols which take the values %1, then

1. If a} = a}_, and b}, = b},_,, then in both-channels transmit constant
amplitude signals, i.e.,

ift)y=a, for 0<t<T, (3.1)

and similarly U
g(t)=b, for 0<t<T, -(3.2)



where T, is the symbol duration {i.e., T, = 2T}).

2. If e}, = a}_, and b, = —b}_;, then in the I-channel transrgit a con-
stant amplitude signal, and in the Q-channel transmit a segment of
a sinusoid. In other words, .

i(t) = d for 0<t<T, (3.3)
‘and -
q(t) = b, cos(-f) for . 0<t<T, (3.1)
3. Similarly, if @} = —aj_, and b = ¥,_,, ther{l . J
. ; wt
i{t) = a; cos(F) for . 0<t<T, (3.5)
and
g(t) = b, - for 0<t<T, (3.6)

4. If a} = —a}_,; and b} = —b}_,, then (¢) and ¢{t) signals must change
signs at different times. For this case we transmit

it = {_a;: for  0<t<T/4 g '7)
~ | —a}cos(4n(t/T, —~ 1/4)/3) for T,/4a<t< T, E
and
— oy _ [ —b cos(4xt/3T) for 0<t<37T,/4
at) = {—b',, for 3T jact<T, ©F

3.3 MCDULATOR—DEMODULATOR
DESCRIPTION AND ASSOCIATED
WAVEFORMS v

The DCTPSK system is formed by applying the signal processing described
in Section 3.2 to 2 quadrature modulator and using differential detection at
the receiver. A block diagram of the resulting system is given in Figure 3.3.
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The operation of the modem of Figure 3.3 can best be explained with
the aid of the waveforms at various points in the system. The input non-
return to zero (NRZ) data (Figure 3.4, trace (a)) of 1/T, bits/second is
first serial to parallel Converted into two binary streams (traces (b) and
(c)), each with a bit rate of 1/T, bits/second {T,=2T,). These two binary
streams are then fed into a differential encoder. The rules applied by the
differential encoder are:

-
<

ai, = (ar ® b,c)(a.,; @ aj_y) + (ax ® be) (b © by _,) (3.9)™~

b, = (ax ® b{c)(bk B b;_y) + (ar ® b)(ak © af_y) (310)"/

where {ar}, {6x} are the uncoded and {a}},{b}} are the coded sequences,
and @ and + represent the logical operations of exqlusive-OR and OR re-
spectively. The differentially encoded sequences (ttace (d) and’(e)) are
fed into the DCTPSK processors The processor for the I-channel oper--
ates slightly differently Trom the Q-channel processor, as described in Sec-
tion 3.2. ) B

The DCTPSK processors consist of two stages: the first stage uses the
present and the immediately past I and Q-channel input bits to determine
the corresponding transition. The second stage generates the selected'%ulse
shape which may be implemented, for example, in the form of a look-up
table. The outputs of the I and @-channel proces§ors are depicted by traces
(f) and (g) of Figure 3.4 respectively. These b\aselfand signals modulate the
quadrature carriers cosw,t and sinw,t (traces (h)‘and (i)). The transmitted
signal, trace (j), is the sum of (h) and (i). ‘ :

The waveforms associated with the receiver are given in Figure 3.5. The
noisy receive signal (trace (a)) is first passed through a BPF to reject out-
of band noise. For the detection of the I-channel signal, the predetection
filtered received signal (see trace (b)) is multiplied by a 45° shifted and 7,
second delayed version of itself (see trace (c)). The second harmonic terms 4
resulting from the multiplication (see (d)) are removed by the LPF (see
trace (e)); Then the baseband signal is passed through a decision device
to obtain an estimate of the I-channel signal (see trace (f)). A similar
process takes place in the Q-channel detector. Finally, the decoded [ and
Q-channel streams are parallel to serial converted to produce the output
data stream at the rate of 1/T} bits per second. ’

-
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Figure 3.4: DCTPSK Modulatoer Waveforms
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(a) received signal
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b) BP fltered signal

’W (e)‘ output of LPFy
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g ' \ \ (f) decoded I-ch.

Y

‘ - Figure 3.5: DCTPSK Demodulator Waveforms.
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3.4 SPECTRUM

The power spectra of DQPSK and DCTPSK obtained by using a labora-
tory set-up are shown in Figure 3.6. The spectrum of DCTPSK displays
much lower sidelobes than DQPSK, and this suggests that DCTPSK can
be employed without any additional filtering at the transmitter.

Figure 3.6: Measured spectra of DQPSK (upper trace) and DCTPSK (lower
trace). Vert: 10 dB/div; Horiz: 20 kHz/div; resolution bandwxdth <10 kHz;
bit rate=64 kb/s; carrier frequency 70 MHz.

The power spectra of DCTPSK, DQPSK and DMSK have also been es-
timated by computer simulations and plotted in Figure 3.7. The fractional
out-of-band power as a function of normalized frequency (ke., bandwidth in
units of bit rate) of unfiltered DQPSK, DMSK and hardlimited DCTPSK
are plotted in Figure 3.8%. The percent energy containment bandwidths of

2Note that unfiltered DQPSK and DMSK have constant envelopes and hardlimiting
for spectrum estimatation is unnecessary.
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these signals similarly are given in Table 3.1. From Figures 3.6 and 3.8,

Required RF bandwidth/bit rate
Modulation Type || 99% 99.99%
(20 dB) (40 dB)
QPSK 10.3 620 )
MSK + 1.2 5.7
DCTPSK 1.4 3.0
(Bardlimited) -

- 4
Table 3.1: Percent energy containment-bandwidth of DQPSK, DMSK and
- DCTPSK signals.

and Table 3.1, it can be observed that DCTPSK has a compact main-lobe
. and low spectral components at high frequencies. The advantage of such a
spectrum will be apparent when we next consider system operation in an
adjacent channel interference environment. - '

3.5 BER PERFORMANCE IN
MULTICARRIER CHANNELS

The specific case we wish to consider is that of single carrier per transmitter
DCTPSK in a multicarrier channel when the transmitter includes a nonlin-
ear amplifier. Multicarrier operation is here meant to refer to the situation
where several users share the same channel by frequency division multiple
access {27g., as in some designs for mobile satellite communications). In
many such cases, it is important that the transmit amplifier be used as
efficiently as possible; and this in turn dictates operation close to the am-
_ plifier’s saturation point, in the nonlinear region of amplifier operation. To
provide us with a reference for comparisons, the performance of DQPSK
and DMSK modem techniques are also evaluated under the same operating
conditions.

The impairments considered in the modem evaluations described below
are: '

¢ thermal noise,
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e bandlimiting,
e AM/AM conversion due to hardlimiting, -

e adjacent channel interference from neighbourir}g carriers.

the above listed impairments, we have used computer simulation methods
hased on Monte Carlo error counting techniques. The block diagram of the
simulation model is given in Figure-3:9. The reason for choosing the Monte

To estimate the BER performance of the cited modem‘ﬂe\hniques with

Hard-Limiter White .

Gaussian
Noise

ACI |. ;>\
Modulator /

fe+Af

]

Wanted
Modulator Demodulator| .
fe o
ACI @5\
Modulator V
f [ ﬁ—' Af

Figﬁre 3.9: Simulation model of a hardlimited multicarrier system.
Carlo technique and the program listings are given in Appéndix B.

-
-
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3:5.1 Selection of Transmit and Receive Filters .

To utilize the available bandwidth efficienitly, the out-of-band energy and
the corresponding adjacent channel interference must be reduced. This
can be achieved by bandlimiting the transmitted and received signal. The
bandlimiting causes envelope fluctuations and time dispersion which then
result in ISI and degraded performance. Thus, a tradeoff exists for the
seléction of the transmit and receive filters.

In selecting the transmit and receive filter characteristics, the desired
properties are:

-
v

“e minimizing the thermal noise at the receiver;
e minimizing the ISI;
¢ minimizing the AM/AM conversion due to hardlimiting;

"o limiting the transmitter output spectrum to minimize the interference
into adjacent-channels.

All four properties stated above cannot in general be met simultane-
ously. Hence, in practice, the transmit and receive filters are selected such
that the performance with the various impairments is near optimum. For
each modem technique, the transmit filtering (and/or pulse shaping) and
receive filtering which yield marginally suboptimum BER performance are
as follows. '

D.CTPSK achieves its low out-of-band energy properties by using pulse
shaping. Hence there is no need for any additional transmit filtering. As
a predetection BPF, various raised-cosine family filters, Butterworth and
Chebycheff filters have been evaluated. The best results have been ob-
tained when a fourth-order phase equalized Butterworth filter is used with
a bandwidth-time product, i.e., BT}, of 0.75.

For DQPSK, in a linear channel, the sidelobes can be filtered out com-

pletely (i.e., no ACI), and the optimum performance is obtained by splitting

the Nyquist-1 [79}shaping equally between the transmitter® and the pre-
detection BPF. However, in a nonlinear satellite channel, equal splitting

3The transmitter also includes a x/sinx amplitude equalizer.
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of the Nyquist-1 shaping no longer results in the optimum performance
[118]. Taking the -ACI into consxdera.tlon, our simulation results indicate
- that for the hardlimited DQPSK signal, the near optimum performance is
obtained when the transmit filter and predetection BPF are both a fourth
order Butterworth type with BT, = 0.65. The same filtering strategy is

also proposed in [118].

DMSK has a wider main-lobe tha.n DQPSK and DCTPSK a.nd there-
fore it requires a wider predetectien BPF. If the ACI is not present, the
best performance is obtained when the transmitted DMSK signal is not
filtered and the predetect:on filter is a fourth-order equalized Butterworth

with BT,

1.1. The same result has also been reported in [98].

When

ACI is taken into account, f transmit filter is necessary; and a predetection
BPT with a smaller BT;, performs.better. ‘We have found the best transmit’
and predetection filter combination as fourth-order Butterworth filters with
BT, = 1.2 and BT, = 0.9 respectively.

The transmit and predetection filters used in DCTPSK, DQPSK and

DMSK modems are summarized in Table 3.2.

— —

-

[ Modem | Transmit Filter | Predetection Filter |
DQPSK | 4th order Butterworth | 4th order Butterworth
DMSK. | 4th order Butterworth | 4th order Butterworth

with BT, = 1.2 with BT, = 0.9
DCTPSK not necessary 4th order Butterworth
‘ with BT, = 0.75

Table 3.2: Filtering strategies for DQPSK, DMSK and DCTPSK modems.
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3.5.2 BER Curves ‘ . .

To evaluate’BER performance in a multicarrier environment, it is assumed
here that the signal in the wanted channel is heavily attenuated (e.g., due
to fading) whereas the signals in the adjacent channels may not be subject
to attenuation concurrently. This is dEplCtEd in Flgure 3.10.

-

Lower T Upper | -
ACI Wanted - ACI
Channel I 10 dB
Channel C . _,,)
Spacing

Figure 3.10: Adjacent channel interference model.

The degradation of each-modem is evaluated and plotted in Figure 3.11
where it is assumed that the relative power of each interfering channel is
10 dB higher* than the wanted channel (with the same type of modulation
and data rate). The reference point is the ideal theoretical performance
of 2 DQPSK modem in a linear AWGN channel (i.e., no ACI). For ex-
ample, for a BER = 1073, the ideal DQPSK modem requires an E,/Ng
of 9.4 dB [74]. From Figure 3.11 we can conclude that as the bandwidth
efficiency is increased (or equivalently as the channel spacing is reduced),
DCTPSK performs better than DMSK and DQPSK. More specifically, if
the total margin allocated to the combined degradations due to ISI, ampli-
fier nonlinearities and ACI is 4 dB, then using DCTPSK, 20% or 40% more
carriers may share the same channel as compared to DMSK and DQPSK
respectively.

Another way of displaying the performances of the three modems is to
keep the channel spacing and the relative signal (wanted and interfering) -

‘For example the MSAT system design given in |50] assumes a 13 dB fade margin.
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83



powers fixed anz evaluate BER performance of the wanted channel. As-
suming that the wanted channel experiences a 10 dB fade, BER versus C/N
curves for the channel spacing of 0.75 b/s/Hz are given in Figure 3.12. The
noise bandwidth used for the C/N measurement is 1/7}. From Figure 3.12
the followmg observations can be made:

. For DQPSK, the curves exhibit a tailing off at rather high BER values
(i.e., 5x 107?). This results from keeping-the relativetransmit powers °
of the wanted and interfering channej signals.the same. Incredsing the
C/N ratio only reduces the contribution of the thermal noise; yet the
ACI remains the same. Therefore operating 2 DQPSK modem with
a nonlinear amplifier at such bandwidth efficiencies is prohibitive.

o Filtered DMSK has lower spectral components than DQPSK, hence
the tailing off occurs at much lower bit error rates.

e For DCTPSK, at low C/ N values, the effect of ISI is more dominant
than ACIL Consequently at a BER of about 10~2? the performances
of DMSK and DCTPSK are comparable. However, for lower bit er-
ror rates (e.g., 10™), DCTPSK offers a power efficiency advantage

- of more than 3 dB. Also note that DCTPSK is less sensitive to non-
linearities than DQPSK. Hence the operating point of the_nonlinear
amplifier (i.e., back-off) is not'critical. -.

3.6 'IMPROVING THE BER PERFORMANCE

| OF DCTPSK
)‘ | -

In Section 2.1.1.4 it was mentioned that the BER performance of differ-
entially detected systems can be improved by introducing additional pro-
cessing at the receiver. The well-known nonredundant error correction
(NEC) technique {26,30,28] can be directly applied to DCTPSK. Yet, two
new techniques introduced in this section are more powerful than the NEC
technique. '

The first new technique to be introduced uses a symbol-by-symbol-detec-
tor which combines the signal samples of the one-symbol and two-symbol
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-

BER

1073 =

(C/N)availablc in dB

Figure 3.12: BER performance of DCTPSK, DMSK and DCTPSK modems
in an ACI environment, Relative powers of the adjacent channel interferers
are 10 dB higher than the wanted channel, and the bandwidth efficiency is
0.75 b/s/Hz. The filters used are given in Table 3.2.
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detectors. The receiver structure is obtained by applying the m
likelihood ratio test. The second structure introduced is a sequential deteg-
tor. It uses the one-symbol and two-symbol detector outputs for maximum
likelthood sequence estimation. Before presenting these new receivers, we
shall first devélop the underlying concepts and introduce the associated
notation. :

3.6.1 System Model

The DCTPSK receiver presented in Section 3.3 consisted of two differential
detectors {one for each quadrature channel). Since the signal in the delay
arm was delayed by one T, period, these detectors are refered to as one-
symbol detectors. The additional detectors introduced in this section delay
the received signal by 27, and are called two-symbol detectors. The block
diagram of a DCTPSK receiver which.uses a one-symbol and a two-symbol
detector for each quadrature channel is shown in Figure 3.13.

Following the notation used in Section 2.1.2.2, at the sampling instant
t = kT, the output of each detector can be represented as .-

dyr(k) = cos{8 — Oxg — g) + naf(k) (3.11)

Yo B) = cos(0h — Oss + g) + nyq(k) O (3.12)
dar(k) = cos(0h = Oe-z = 5) + nar(k) . (3.13)

drq(K) = cos(f — Ouz + 7) + naq (k). C (314)

‘Recall from Section 2.1.2.2 that ‘the transmitted phases are related such

that
T

9;: bt gk—l = mkE (3.15)
.‘where '
mg =10 foxj ar= 1 and b= 1
mp=1 for ag= 1 and b=-1
my=2 for ap=—-1 and b= -1 (3.16)
mr=3 for ¢, =—-1 and b= L

Equations (3.11) to (3.16) will be used in describing the new receiver struc-
tures.

s
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3.6.2 A Symbol-by-Symbol Detector Using
Combining With Feedback (CWF)

We want to use the outputs of the one-bit and two-bit detectors to estimate
the input symbols a) and b; (or equivalently m,). To establish the required
relationships, we form the maximum likelihood ratio test (MLRT) given by

’ My =m
f(di(k), dig(k), d21(k), dag (k) Ime = n1, Thi_1) >
f(du(k), dig(k), dar(k), dag(k)fme = n2, k) <

-~

my = 12

1. | (3.17)

In (3.17), m, and 7, are the hypotheses which take the values {0,1,2,3}
while n; # n2. To determine 7y, the MLRT is applied three times. Suppose
that initially ny = 0 and n; = 1. If the first MLRT yields #hy = n;, then in
the second test we take n; = 0 and 5, = 2. Suppose that this time we find
e = 72. In the last test, we compare n; = 3 and 72 = 2, and the result is
the estimate of the transmitted phase difference, i.e., ;.

We assume that f(dis(k}, dig(k),d21(k), d2g(k))-is the probability den-

sity function of jointly normal random variables. The mean and varignce
of the noise components are calculated as '

E(ny (k)] = E[nig(k)] = Elnar(k)] = E[niq(k)] =0  (3.18)
Elpii (k)] < Elniq(k)] = Elni; (k)] = E[nig(k)] = 20*  (3.19)
Blrs (k)nar ()] = Elnq(k)naq(k)] = o cos(mi-13)  (3.20)
7 Elnu(k)naq(k)] = ~Elnsg(k)nar(k)] = o? Sin(mk—lg) (3.21)
E(nyr(k)niq (k)] = Elnar(k)naq(k)] = 0. (3.22)

Then we can write (see {120]),

fldir(k), dig(k), dar(k), dag (k) |mg, iy} =
ﬁ exp(~ 7 47(k) + B*(k) + C*(k), + D*(k)
— A(K)C (k) cos(g-13) + A(K) D(K) sin(e-1 2)

~B(k)C(K)sin(u-15) — B)D(k) cos(nr3)])  (3.29)

88

O



where

A(K) = dulk) ~ cos(mig — 7) (a2
B(k) = dig(k) — cos((mx + r‘hk—l)g + g) (3.25)
Ck) = du(k) - cos(mk% - %) ' (3.26)
D(k) = dig(k) = cos((mi + )3 + 7). (3.27)

Substituting (3.23) into (3.17) and then simplifying the MLTR expressions,
we find“that when mm..; is given, then d; and by can be estimated in one
iteration by the following relationships:

\
(1) If -1 =0, {i.e., a1 = 1 and bi_; = 1) then
& = sgn{dy(k) + day(k)) (3.28)
b = sgn(dig(k) + dag(k)); (3.29)
"
(1) if -1 =1, (i.e., ax—y =1 and gy = —1) then
G = sgn(dyr(k) — doq(k))
by = sgn(dig(k) + dar(k)); ) (3.31)
(iii) if T?lk..l = 2, (i.e., Qr-1 — —1 and bk—l = —1) then o
& = sgn(dy(k) — dor(k)) (3.32)
by = sgn(dig(k) — dg(k)); (3.33)
(iv) if M-y = 3, (i.e., ag—1 = —1 and by—; = 1) then
& = sgn(dir(k) + drg(k)) (3.34)
by = sgn(diq(k) — dur(k)) 3.35

The block diagram of the detector based on these decision laws is illus-
trated in Figure 3.14. The performance of the DCTPSK system using the
receiver structure described above is evaluated in Section 3.6.4.
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Figure 3.14: Block diagram of a detector which uses combining with feed-
back. (For the applicable decision laws see equations (3.29)-(3.35)).

3.6.3 A Simple Sequential Decoder

Having introduced a new receiver based on symbol-by-symbol detection,
the next step is processing the outputs of the one and two bit detectors
sequentially. In this case the decisions will depend not only on dy{k),
diq(k), dar(k) and dyq(k), but also on the history of the received signal.

For this purpose, we use a maximum likelihood sequence estimation
method which finds, in terms of a predefined measure, the symbol sequence
which is closest to the received signal [119]. This corresponds to selecting
the data sequence which minimizes the mean square error P(l), i.e.,

P(l) =  minimum [i A*(k) + B*k) + C*(k) + Di(k)
over all m; k=0 b _
. —A(k)C (k) cos(ﬁ'lk_lg) + A(k)D(k) sin(rhk_lg-)

—B(k)C(k) sin(r’hk_lz;—) — B(K)D{K) cos(ie-13)]  (3.36)
where A(k), B(k), C(k) and D(k) were defined in (3.24) - (3.27).
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%LJ_ Since my can“take the values {0,1,2,3}, a four-state Viterbi decoder

{119] can solve this minimization problem recursively. Discarding the terms
common to all metrics, (3.36) can be restated as a maximization problem
in the form of

R(k) = max(up(0), we(1), e (2), we(3)  (3.37)

where u,(7) are the metrics for the surviving paths ending in state j at the
time instant k7. The trellis diagram of the decoder is shown in Figure 3.15.

-

k-3 k—2 k-1 ' k

State 0

State 1

State 2

. Ug—2 (3) - el State 3

RO .

Figure 3.15: Trellis diagram of a four-state sequential decoder for DCTPSK.

The metric ux(7) can be expressed as

M

ue(y) = maximum [Gi(g,5) + ue-1(g) + 2Idu(k) cos(jg— — g)
g=0,1,2,3
=2diq(K)sin(i% - )] (3.38)
where
Gilg:7) = 2du(k)cos((7 + q)-;£ - -}) ~ 2dyq (k) sin((5 + q)fzi ~ %)
+ —cos(gz)(du(k)dar(k) + dig(k)dzq (k) -
+5in(q2) (dur (k)dzq (k) — diq (R)dar(K))- (3.39)
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In our simulations, we have observed that when the last two terms in (3.39)
are ignored, the loss in BER pe;forma.nce is only..0.1 dB. Therefore, to
provide substantial simplification in the computa.t:onj these terms can be
omitted. Then,

. . Toow
Gelard) = 2dar(K) cos((j + )3 = 3) = 24z (k) sin{(i + )] — ). (3.40)
The steps of the resulting sequential decodmg algorithm are briefly as fol-
lows:

Step 1: determine the surviving paths at instant k.
This means computing ux(0), uk(1), vx(2) and ux(3). For each ug(y)
we compute four quantities and select the largest one as the metric
of the surviving path. Four computations for each mejric and four
computations for each state require a total of 16 computations.

Step 2: select the maximum among u,(0), ux(1), ue(2) and dk(3).

Step 3: trace the selected path L steps back and decode m,_r..
As we shall see in the next section, L is generally 1 or 2.

Let us demonstrate the operation of the decoder with the aid of the
trellis diagram given in Figure 3.15. All 16 possible paths between instants
k —1 and k are indicated. At the k** instant only four of these transitions
(one for each state) are kept and the others are discarded®. Then the
state with the largest metric is selected (indicated by a solid circle). In
this example, R(k) = u.(0) is-selected. When the decoding depth is one
symbol, the surviving path terminating at R(k) is traced back one step and
the symbols for the (k — 1)** instant are decoded. In Figure 3.15 this is
~“¥my._1, and therefore éx_; = 1 and b,y = —1. For a decoding depth of two
symbols, at the k** instant the symbols for the (k—2)** instant are decoded.
In Figure 3.15 this cérresponds to state my_;, or equivalently ax_; = —1
a.l’ld bk_g = —1, : :

. 5The surviving paths are indicated by double arrows.
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3.6.4 BER Performance of New Receivers

We have evaluated the BER performance of DCTPSK for four different
receiver structures via computer simulation®. These receiv 13 employ:

¢ conventional differential detection,
» nonredundant error correction {26,28,30],

» a symbol-by-symbol detector using combining with feedback,

_ }
s a four-state sequential decoder with decoding depths 1 and 2.

The system configuration is shown in Figure 3.16. The predetection
BPF is a fourth-order phase equalized Butterworth with BT,=0.65. The
BER performances of the four detectors in an additive white Gaussian
noise channel are plotted in Figure 3.17. The fougggtate sequential decoder,
even with a decoding depth of one symbol, outperforms the other decoders
and provides about’ 1.7 dB improvement over the conventional differential
detection (all comparisons here are made at 2 BER of 107%). Increasing
the decoding depth to 2 brings an additional improvement 0.3 dB. Our

simulation results indicate that the improvement gains for decoding depths .

greater than 2 are marginal; and the associated complexity is not warranted.

The combining with feedback decoder achieves the second best perfor-
mance and offers about 1.2 dB improvement over the conventional detector.

The nonredundant error correction decoder is about 0.3 dB inferior to
CWF decoder and provides about 0.9 dB improvement over the conven-
tional detector. '

cessing complexity is increased, the penalty for using d{fferential detection
(rather than coherent detection) is reduced. Note that all three parfor-
mance improvement techniques require the same amount of IF processi
With the recent advances in digital signal processing, the additional bas
band processing involved in the CWF detector or the four-state sequential
decoder may not be a heavy burden for future receivers.

o

' The performance curves of Figure 3.17 indicate that t-hugqu pro-

®The program listings are in giver-l in Appendix B.
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Figure 3.17: BER performances of various DCTPSK detectors. Transmit-
ted signal is hardlimited and there is no ACIL

95



———

3.7 HARDWARE IMPLEMENTATION -
-AND EXPERIMENTAL RESULTS

As a proof of concept,.and to gain additional insight into some of the
problems involved, we implemented a DCTPSK modem. In this section
we first discuss the design of the modem and describe the experimental
set-up. Then the experimental results are presented and various sources
of impairments are identified. The modem circuit diagrams and operating
instructions are given in Appendix A. '

3.7.1 Design of the Modem

In the design of the modem the mé.jor system parameters to be selected
were: ’ '

bit rate,

intermediate frequencies (IF),

predetection BPF characteristic, and

type of delay element to be used.
We shall briefly discuss how each of these parameters were selected.
Bit Rate

,  The lowest limit on the bit rate is imposed by the system frequency
uncertainties; whereas the highest bit rate is determined by the power and
bandwidth allocations.

Since we have frequently refered to the. MSAT system, a natural choice
for the bit rate of our modem would be 2.4 kb/s. However, the local
oscillator drift of our satellite earth station is specified as 2 kHz/day [121].
Therefore, to reduce the frequency uncertainty errors, we were forced to
choose a data rate much higher than 2.4 kb/s.

The bandwidth allocated to us by the Department of Communications
was 100 kHz. Thus the maximum data rate we could transmit was about
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150 kb/s.” Considering that most of the modems in our laboratory operate

~ at 64 kb/s, we chose the bit rate as 64 kb/s.

I liate F . v

In the uplink, single IF stage is sufficient and the frequency diEfaTth
by the earth station is 70 MHz. Similarly, in the downlink, the output o}\\
the downconverter is 70 MHz. To determine whether a second IF stage !

'is needed or not, let us briefly consider the implications of the frequency

stability requirements.

Assuming that the allowable phase error A# is 5° ( this corresponds to

. a Ey/N, penalty of about 1.2 dB [24]), then the maximum delay variation

is given by:
éT, = At?/w“:‘. (3.41)

The required delay stability is

AT, A9 o
= . (3.42)
Ta TawIF
)
Substituting T, = 15.6us and wyr = 147 X 107, we obtain AT,/T, as 1.27 x

1075, An inexpensive delay element cannot maintain such a stability. To
relax the stability requirements, a second IF stage was used. The center

‘frequency of the second IF stage was selected as 266 kHz. In this case a 5°

phase error requires a stability of 3.4 x 10~3, which can be easily provided.

The necessary characteristic of the predetection bandpass filter was de-
termined by computer simulations. For this purpose, the performance of
the modem was evaluated for Butterworth, Chebycheff and raised-cosine
type filters. The best performane was obtained with a fourth-order Butter-
worth filter with BT = 0.65. The implemented filter has a center frequency
of 256 kHz. The amplitude characteristic of the filter matches the specifi-
cations closely, but to keep the implementation simple, its phase was not
equalized.

TThis is based on a 99% power containment bandwidth.

o7,
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Delay Element

In the implementation of the differential detector, a crucial component
is the delay element. In high bit rate (e.g., 120 Mb/s) systems, the delay
elements are implemented as microwave filters or transmission lines. For _

" a regerierative TDMA system, COMSAT implemented them as microwave
integrated circuit filters’ [44], whereas AEG used waveguide filters {40]. For
the bit rate and the operating frequency we chose, such delay lines are
impractical.

For long delays (e.g., 0.4 ms for 2.4 kb/s) bucket brigade devices or
charge coupled devices could be used. But 15.6 us is rather short for these
"'a.'ﬁalog,_devices. Hence we had to implement a digital delay element using
shift registers.

F

“To avoid the analog to digital converters and digital mul:ipliers, we
used a simpler technique. The block diagram of the differential detector
we used is shown in Figure 3.18 and the associated waveforms are given in _
Figure 3.19. The received signal (at 256 kHz) is passed through a thresheld
detector, and the output binary sequence is applied to a multi-stage shift
register. Then the phase comparison is equivalent to a binary exclusive-OR
operation. Note that for the intermediate frequency and the bit rate we
chose, a phase shift of #/4 corresponds to a delay of T,/16. The output
of the exclusive-OR circuit is a pulse width modulated {PWM) sequence.
This PWM signal is passed through a lowpass filter, which acts as an inte-
grator. Then the binary decisions are based on whether the pulse is wider
or narrower than Typ /2 {(where T7r is the duration of a one IF cycle).

- In the modulator, the baseband processing (i.e. S/P conversion, differ-
ential encoding and the signal processing) is performed by semiconductor
circuits. The demodulator is also implemented by using semiconductors,
except for the BPF. Thus, in the future, most of the modem can be inte-
grated as a monolithic integrated circuit.

3.7.2 Experimental Set-Up

The experimental set-up used to evaluate the performance of the modem is
illustrated in Figure 3.20. The important parameters for the experiments
were as follows :
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Figure 3.19: Waveforms associated with the implemented differential de-
tector.
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Carrier freqizency: 70 MHz,
Test data: Pseudo random BTna.xjy sequence of length 2%° — 1,

Noise source: (i) DCD 3002 IF noise geneérator, or
(ii) 14/12 GHz Satellite Link;

BPF for C/N Measurements: Third-order Butterworth with a noise
bandwidth of 1.3 MHz;

J
Predetection BPF: fourth-order Butterworth at 256 KHz with a noise
bandwidth of 40 KHz;

BER improvenient 'technique: None.

The modulator generates the data clock and this is fed to the data error

- analyzer which generates a pseudo random binary sequence. The input data
~ is processed and the modulated DCTPSK signal is transmitted at 70 MHz.

If only a modem back-to-back evaluation is performed, the transmitted
signal is corrupted by using a Gaussian noise generator. In the case of a
real satellite link (as indicated by the dashed lines ip Figure 3.20) sufficient
noise for a performance evaluation is inherent in th tem.

The noisy signal centered at 70 MHz is passed through a BPF of known
noise bandwidth for measuring the carrier and noise power.

At the demodulator, the signal is down converted to 256 kHz, passed
through a predetection BPF and then applied to the differential detectors.
The output of the demodulator is connected to the Data Error Analyzer
for counting the errors.

Digital signal processing techniques permit us to generate the signals
which are quite close to the analytical expressions given in Section ;‘1\’ The
eye-diagrams of the I and Q channel baseband DCTPSK signals-are shown
in Figure 3.21. By applying thesesignals to channels 1 and 2 of an oscil-
loscope and using the XY mode, wsobtain the SSD shown in Figure 3.22.

o
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Figure 3.20: Experimental set-up. /—’\,_

101?’




AYAYAY

-_L/A AN N
VO
AR

AN -

100mV 100w

Figure 3.22;: Experimental signal-space diagram of DCTPSK.

103



3.7.3 Measurement Results

The performance of the DCTPSK modem was evaluated in a back-to-back
configuration as well as using the 14/12 GHz satellite earth station of the
University of Ottawa. The steps followed in each case are described below.

3.7.4 Back-to-Back Evaluation

For the back-to-back evaluation, the set-up of Figure 3.20 is used. The
transmitted signal plus generated noise were passed through a filter cen-
tered at 70 MHz with a noise bandwidth of 1.3 MHz. The carrier power
was measured with the noise suitably attenuated. Then the noise power
was measured by attenuating the carrier.

The measured C/N values can be translated into E, /N values by using

the relationship
By CBW

NN T (3.43)
where BW is the noise bandwidth of the IF filter (i.e. 1.3 MHz) and f; is
the bit rate (i.e., 64 kb/s). In dB form (3.43) can be rewritten as

E, BW
(== b)dB = (= )dB + lolog(—)?). (3.44)
Substituting the values used for BW and f,, we find
B, C ‘
— = —+13 indB. .
N, = t18 indB (3.45)

Repeating the carrier power and noise power mesurements several times
and reading the corresponding BER, we obtained the curve shown in Fig-
ure 3.23.

3.7.5 Satellite Channel Evaluation
We also evaluated the performance of the DCTPSK modem using the 14/12

GHz Anik-B satellite. The block diagram of the satellite link is shown, in
Figure 3.24.
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Figure 3.23: Results of DCTPSK modem bit error rate measurements. No
BER improvement technique is used.
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The major differences between the back-to-back and satellite link mea-
surements can be summmarized as follows:,

e The maximum power we were allowed to transmit was 0.8 W (i.e., 29
dBm). Thus the power levels at various points in the link required
careful adjustments (as indicated in Fig. 3.19)

e Since the modem did not have a clock recovery circuit, the sampling
time was manually adjusted.

e Since the noise was continuously present, the C/N values were ob-

_tained by measuring (C+N) and N separately and then calculating
C. : : .

The BER measurements obtained by using the satellite link are plotted also
in Figure 3.23.

3.7.6 Discussion of Experimental Results
In Figure.3.23 we have plotted the BER curves obtained by:

¢ computer simulation,
e modem back-to-back measurements, and

e satellite link measurements.

It can be observed from Figure 3.23 that there is a 2 dB difference between
the computer simulation resulfs and the modem back-to-back measure-
meénts. An additional 2 dB degradation is incurred when the modem was
evaluated via the satellite link. The major sources causing this discrepancy
can be classified into three categories:

» modulator imperfections,

e satellite link impairments, and

e demodulator imperfections.
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~ Let us briefly discuss the sources of imperfections in each category which
were not included in the computer simulations.

Modulator

In our modulator we identified two imperfections; these are:

¢ The phase difference between the quadrature carriers (i.e. cosw.t and

sinw.t) is not'90° but about 88°. This causes some crosstalk.

e The baseband waveshapes are generated by a table look-up technique.

Due to a inevitable quantization error there is a small deviation from

the ideal waveshapes.

Satellite Link v

In our simulations the satellite link was treated as a bent pipe; and the
only impairment accounted for was the thermal noise. In fact, the satellite
link is the contributor of various other impairments such as

frequency uncertainties,
amplitude and phase variations introduced by satellite filters,

intermodulation distortion due to multiple carriers sharing the same
transponder,

modulation transfer due to carriers operating in burst mode,
adjacent channel interference from neighbouring carriers,

cochannel interference from other systems.

We did not quantify the individual contributions of these impairments,
but their overall effect can be deduced by comparing the satellite link mea-
surements with the modem back-to-back measurements.
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Demodulator

The phase of the predetection filter is not equalized and consequently
the received signal experiences some phase distortion which is not accounted
for in the simulations.

Our demodulator uses a sampling rate of 4096 kHz, an IF frequency of
256 kHz and.a shift register of length 129. The resulting phase resolution
is 22.5°. We could enhance the phase resolution to 11.25° by doubling the
sampling rate and the shift register length. Then an improvement of a few:
tenths of a dB is expected [117]. However the circuit complexity would
increase significantly, therefore we did not implement it. '

Based on the foregoing discussion it be could concluded that the imper-
fections which exist in the modem can be reduced considerably. Yet the
results obtained with the laboratory model DCTPSK modem accomplished
our objective of proving the concept.

3.8 CONCLUSIONS

A new modem technique, namely, differentially detected controlled PSK,
has been introduced. Its encoding rules, waveforms, signal space diagram,
eye-diagram and spectrum has been presented.

The BER .perforrna.nce of DCTPSXK in a hardlimited multicarrier chan-
nel is obtiained. It has been shown that more carriers may share the same

channel using DCTPSK in an adjacent channel interference environment
than by using DMSK or DQPSK.

For improving the BER performance of DCTPSK, two novel receiver
structures have been proposed. The first new technique uses a symbol-by-
symbol detector which combines the signal samples of the one-bit and two-
bit detectors. The second structure introduced was a four-state sequential
decoder. The improvements achieved with these receivers are about 1.2 to
1.7 dB respectively.

As a proof of concept, we also implemented a laboratory model DCTPSK
modem. The experimental results of the modem back-to-back and via satel-
lite link measurements have been presented and various sources of impair-
ments have been discussed.
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In conclusion, the DCTPSK modem is a. potential candidate for ap-
plications where a channel is to be efficiently shared by multiple users.
Furthermore, the new receivers developed for DCTPSK could also be uséd
for other quadrature modulated signals.
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Chapter 4

DIFFERENTIAL
DETECTION OF GMSK
USING DECISION
FEEDBACK

4.1 INTRODUCTION

In Section 2.2.2.1, we reviewed the requirements of mobile radio communi-
cations and mentioned that the differential detection of GMSK is a major
candidate for mobile applications.

Another potential application area for DGMSK is a multicarrier satel-
lite communications system. As the bandwidth efficiency is increased, the
BER performance degradation of DMSK, DQPSK and DCTPSK increase
drastically. Particularly for bandwidth efficiencies better than 0.8 b/s/Hz,
operating these systems with nonlinear amplifiers is impractical. However,
due to the compact spectrum of GMSK, adjacent channel interference be-
comes considerable only for bandwidth efficiencies in excess of 1 b/s/Hz.
Hence there is a range of bandwidth utilization values and ACI conditions
for which DGMSK is attractive for satellite communications applications
as well.
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The use of the cor\wentiona.l one-bit differential detector with GMSK .-

results in pooreommurications efficiency, therefore earlier literature focuses
on two-bit differential detection [105,110]. In terms of communications
efficiency, the conventional two-bit differential detector [110]i§ about 7 dB
inferior to the coherent detection of GMSK!. Hence, there is ample room
for improvements by introducing additional processing at the receiver.

" Considering both the mobile radio and multicarrier satellite communi-
cations applications, in this chapter new receiver structures are intreduced
to improve the BER performance of DGMSK.

The éha.f:ter outline is as follows. First the principle of the differential
detection of GMSK using a conventional one-bit, two-bit and three-bit dif-

ferential detector is analyzed. Then, we determine how to apply decisiop -

feedback to these detectors. 'After demonstrating that the decision Yeed-
back significantly reduces the destructive effect of intersymbol interference
in the individual detectors, we propose receiver structures where two de-
tectors can be jointly utilized. Finally, the results of a BER performance
evaluation of various DGMSK receivers are presented.

4.2 TRANSMITTER

The block diagram of a GMSK transmitter is shown in Figure 4.1. The
transmitter consists of a differential encoder, a Gaussian low-pass filter
(GLPF) and an FM modulator. The differential encoder is required for two-
bitwit differential detection. The input symbols to the differential
encoder are denoted as ai, and the output symbols as b;. For the one-bit

differential dete¢tion a differential encoder is not needed; i.e., ax = b;. For
two-bit differential detection, the differential encodizflg rule is given by

L —

bk = —akbk_l. (4.1)

Sirnilarly,‘?f'rc;x1 three-bit differentiidetection, the differential encoding rule
is T

bk = akbk_lbk_g. (4.2)
The input to the GLPF is a non-return to zero {NRZ) sequence. 1he output

'This is when the premodulation filter B,T = 0.25, and for a BER=10""*.
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Figure 4.1: Block diagram of a GMSK transmitter. The differential encoder
is not needed for one-bit differential detection.

of the GLPF can be expressed as

= S bplt —iT) | (4.3)
f e )

-~

~ where {g; = +1} and p(t) is the pulse response of the transmit GLPF given

by [110]:

p(0) = s=lQUBT(-) - QUBT( = 2Dl (44)

\In (4.4), B¢ is the 3 dB bandwidth of the GLPF, T is the bit duration® (thus,
B,T is the bandwidth-time product of the transmit GLPF), k; = 7.546 and

o - [Cen e — 69

The pulse response of the tramsmit GLPF for various B,T values is shown
in Figure 4.2.

The output of the FM modulator can be expressed | a5

z(t) = Agcos(wet +¢(t) + 'gb).( ' (4.6)

In (4.8), A is the constant envelope of the signal, w, iﬁthe carrier frequency,
1 is the initial phase (which can be assumed as zero) and ¢(t) is the excess-
phase defined by '

8O =kn [ slr)tr Nkn 5 b5 [ =T a)

. j=-—o0
?Throughout this chapter T = Tj. \/_/

113



\__/"\\‘.af :___
/T :
<— MSK (BT = c0) s
BgT =0.5
O.B/T T BT =03
H - _ .
__ — BT =035
0.6/T + __ _ BT =02
p(t) B,T = 0.15
04/T +
0.2/T L
. 3 2 1 0 1 2 3 4

/

Figure 4.2: Pulse response of GLPF as a function of BT product.
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0.5).

f

where kn is a constant equal to /2T (so that the modulation index A ==
| 0

4.3 CONVENTIONAL RECEIVERS

In PSK systems, if there is no ISI, a one-bit differential detector has as
good a performance as a two-bit or a three-bit detector. Therefore for
implemenational simplicity, a one-bit detector is preferred. For GMSK
signals this is not the case. In this section we investigate how “n” affects
the differential detection process.

4.3.1 Conventional One-Bit Diﬁ'erent_ial Detection

The block diagram of the conventional one-bit differential detector is illus-
trated in Figure 4.3. The signal at the input of the predetection band-pass

z(t) + n(t) y(2) N LPT d;(t) . :F E‘.

b~ T +90° — -

Figure 4.3: Block diagram of a one-bit differential detector.
e

filter is corrupted by additive white Gaussian noise with a one-sided spectral

density Np. The signal at the output of the BPF, y(t), can be represented
as

y(t) = r(t) cos(w.t + ¢ (1)) + ne(t) coswet — n,(t) sinwet  (4.8),

/“\
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where r(t) is the time varying envelope of the signal, ¢ (t) is the distorted
signal phase, and n.(t) and n,(t) are respectively the in-phase and quadra-
ture components of the narrowband noise. In the mathematical analysis
which follows, we shall assume that ¢'(t) = ¢(¢). However, in evaluating
the system performance by simulation, the distortion due to the filtering is
included.

The output of the one-bit detector dy(t) is obtained by lowpass filtering
the product-of-¥(t) and a T seconds delayed and 90° phase shifted version
of itself (see Fxgure 4.3), i.e.,

dy(t) = r(t)r{t — T) sin( Z b; f p(r — jT)dr) + ny(t) (4.9)

J_—m

where n,(¢) lumps all the noise terms together.

At the time instant kT, dy(t) has the following form

d;(kT) = r{kT)r(kT — T) sin( Z b;6—;) +n1(kT)l (4.10)

J——OQ
where
Gk—j = k / 7' —jT dr. (4.11)

The values of §; for different B,T ha.ve been tabulated in Table 4.1. Here,
fo represents the signal and 8.,,8_;,0_,,8,, 6, and 8; are the ISI terms.
For |i| > 3, 8; is negligible. This observation enables us to rewrite (4.10)

as: . -
dy(kT) = r(kT)r(kT — T)sin(A0:) + ns(KT) (4.12)
where . | .
Al = bryal_g + bryp10-1 + bp8o + bey 0y + be_20,. (4.13)

For B,T'=0.25, the differential phase angles A#; corresponding to all
possible input data combinations have been tabulated in Table 4.2. The -
diagrams in which all possible differential phase angles at the sampling
instants (i.e., Af,) are shown will be referred to as phase-state diagrams.
Using Table 4.2, the phase-state diagram of the one-bit detector is shown
in Figure 4.4. From Figure 4.4 the following observations can‘be made:
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BT |6-g) 02| 61 | 6 | 60 | 62 | 03 | AOmin | A0EE,

, |
0.15 | 0.3 | 4.55 | 21.85 | 36.6 | 21.85 | 4.55 | 0.3 | — | 19.6
0.2 | — 1.Z 1206 |45.4| 206 | 1.7 | — | 16 |--46.2
025 | — | 06| 182 |524| 182 |06 | —| 296 | 67.2
03 | — | o2t 159 |57.8] 159 | 0.2 | — | 51.2 | 834
04 | — | — | 125 |650| 125 | — | — | 80.0 | 105.0
05 | —| — | 103 |69.4| 103 | — | — | 97.6 | 1182
1.0 | —| — | 59 |782| 59 | — | — | 132.8 | 1446
00 —| — ] — |e00| — | —]—1 1800 | 1800
(MSK)

Table 4.1: Phase shifts (in degrees) corresponding to signal, #,, and ISI
terms (8, for 75 0) as a function of transmit Gaussian filter B,T for the
one-bit differential devector. Afmi, and A2F are the minimum differential

phase angles before and after applying decision feedback.

Bit Combinations || State Al
by by bpy (in degrees)
1 1 1 1 88.8
1 1 -1 2 52.4
-1 1 1 2 52.4
-1 1 -1 3 16.0
1 -1 1 4 -16.0
i -1 -1 5 -52.4
-1 -1 1 5 -52.4
-1- -1 -1 6 -88.8 N

Table 4.2: Differential phase angles Ad; of the one-bit detector correspond-
ing to various input data combinations (B,T = 0.25). The contributions of
br_z and by, are ignored. '
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Figure 4.4: Phase-state diagram of a one-bit differential detector.
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e The phase-states are symmetric with respect to the x-axis; conse-
quently the corresponding eye-diagram shown in Figure 4.5 is also
symmetric.

o The decision threshold is the x-axis. When the phase difference (Af;)
is above the x-axis, b, is decoded as “+1”; otherwise b, is decoded as
“.17, ie., :

b = sgn[d, (kT))| : (4.14)

where sgn(z] = 1 for z > 0 and sgn[z] = -1 for z < 0. Recall that
for one-bit differential detection, a = b,. )

L}

Figure 4.5: Eye-diagram of a conventional one-bit differential detector.
. ~
To investigate the effect of BT upon one-bit differential detection perfor-
mance, we have also inclided in Table 4.1 the phase separation between the
closest states with the opposite polarity (i.e., states 3 and 4). This quantity
is refered to as the minimum differential phase angle A#f,,;, and is defined
as
Abmin = 2(00 — >_ &). (4.15)
©i#0 )
From Table 4.1, we can observe that\ the conventional one-bit differential
detector has positive Af,,,, values for B,T values greater than 0:2. If the
ISI caused by the predetection BPF is also taken into account, the smallest
B,T for which the one-bit differential detection can operate (with a very
poor performance) is about 0.22. ’
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4.3.2 anventional Two-Bit Differential Detection

The block diagram of the conventional two-bit differential detector is illus-
trated in Figure 4.6. The output of the two-bit detector d;(t) is obtained

I n . dz ' a
GRS N TR I L1 } o,

Figure 4.6: Block diagram of the conventional two-bit diﬁ'efgntia.l detector.

(

by multiplying y(t) with a 2T seconds delayed version of itself and then
lowpass filtering the product, i.e.,

dy(t) = r(t)r(t — 2T) cos(kpm i b; ftizr p(r — jT)dr) + na(t)  (4.16)

j=-w

where n(t) represents all the noise terms.

At the time instant &7, d,y(t) is given by

dy(KT) = r(kT)r (kT — 2T) cos( 3 b;Vi—;) + na(kT) (4.17)
' j==—o00
where ’
Vs =kn [ p(r —jT)dr (4.18)
L / ’ : '

The values of V; for different B;T have been tabulated in Table 4.3,
where V and V represent the signal and V_,, V_;, V3, V3 are the ISI terms.
V; is almost zero for i > 4 and ¢ < —3. Therefore we can rewrite (4.17) as
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B:T V_.3 V_z V..l ' Vo V1 Vg V3 V4 AVm,‘n AVnﬂﬁ
0.15 | 0.3 | 4.85 | 26.4 | 58.45 | 58.45 | 26.4.| 4.85 | 0.3 — 52.4
018 | — | 2.7 | 239 634 | 634 {239 | 2.7 | — 20.4 73.6
0.2 | — | 1.7 1223 66.0 { 66.0 | 223 | 1.7 | — 36.0 84.0
025| — | 0.6 | 188 | 706 | 706 | 188 | Q.6 | — 63.6 102.4
03 | — | 02 |16.2| 736 | 73.6 |16.2| 0.2 | — 81.6 | 114.4
04 | — | — [125| 776 | 775 1251 — | — | 105.0 | 130.0
05 — | — | 10.3} 79.7 79.7 1103 | — | — | 118.2 | 138.8
10| — | — 5.9 | 84.1 | 84.1 59| — | — | 144.6. | 156.4
o] — | — — | 90.0 | 90.0 — | — | — | 180.0 | 180.0

Table 4.3: Phase-shifts (in degrees) corresponding to signal terms (V, and
V1) and ISI terms as a function of transmit Gaussian filter B,T for the
two-bit differential detector. AV, and AVEE are the' minimum differen-

tial phase angles before and after applying decision feedback.

dz2(kT) = r(kT)r(kT — 2T) cos{AVy) + no(kT) (4.19)
where

AVE =by2V_og + bpr 1 Vou + 0 Vo + b1 Vi + b2V + by3V3. (4.20)

For B;T=0.25, the differential phase angles- AV} corresponding to all
possible input data combinations have been tabulated in Table 4.4. Using
Table 4.4, the phase-states at-the decision instants for the two-bit differen-
tial detector are shown in Figure 4.7. ~

To determine the polarity of the output bit, as a first approximation, let
us assume that the decision threshold is the y-axis. When the phase differ-
ence (AVy) is to the right of the y-axis, (bybe—;) is “~17; otherwise (bpby_,)
is “+1”. Suppose for a moment that the differential encoder in Figure 4.1
was omitted (i.e., a; = b;). Then, the b, can be determined by using the
knowledge of the.already decoded by_,. However, with this approach an
error in Ek_l will affect the succeeding decisions. The differential encoder
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Bit Combinations State AV,
br—z br—1 be  be4a (in degrees)
1 1 -1 1 7 37.6
1 -1 1 1 7 37.6
1 1 -1 -1 8 0.0
1 -1 1 -1 8 0.0
-1 1 -1 1 8 0.0
1 -1 11 8 0.0
-1 1 -1 -1 9 -37.6
1 -1 1 -1 9 -37.6
1 -1 -1 1 10 -103.6
~fF-1 -1 -1 -1 11 -141.2
-1 -1 -1 1 11 -141.2
1 -1 -1 -1 12 -178.8
. 1 1 1 1 12 178.8
1 1 1 -1 13 141.2
-1 1 1 1 13 141.2
-1 1 1 -1 14 103.6

Table 4.4: Differential phase angles AV} of the two-bit detector correspond-
ing to various input data combinations (B,T = 0.25). The contributions of
br42 and bg_3 are ignored.
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Threshold
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Decision Rule 14 ! l
dr = cos AV, - | :
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-~ 1
10 I
o
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Figure 4.7: Phase-state diagram of conventional two-bit differential detec-
tion (BT = 0.25).
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defined by (4.1) circumvents this problem; because
ar = —brbe_1. (4.21)

Hence,

&, = sgn[d;(kT)). (4.22)

Observe from Figure 4.7 that the phase-states at the output of the two-

'bit differential detector are not symmetrical with respect to the y-axis.

As a result of this, the corresponding eye-diagram shown in Figure 4.8 is
also asymmetric. To improve BER performance in this case, it has been

Figure 4.8: Eye-diagram of a conventional two-bit diﬁ'erent‘.ia‘l detector
(BT = 0.25). -

proposed [110] to insert a bandpass limiter after the BPF and to apply a dc
bias to the threshold comparator. This is equivalent to shifting the decision
region to the zz' line in Figure 4.7.

For the two-bit detector, the minimum differential phase angle is defined
as

AVin=Vo+ V) -2 ) Vi (4.23)

i#0,1
The values of AV, for various B,T’s have been tabulated in Table 4.3. A
comparison of Table 4.1 and Table 4.3 reveals that for all B,T values, the
minimum differential phase angle of the two-bit detector is greater than that

Y
v

124



-3

(

of the one-bit detector (i.e., AVpin > Abpin). From Table 4.3-we can alse

conclude that the conventional two-bit differential detection is applicable

to systems with B;T > 0.18.

4.3.3 Three-Bit Diﬁ'erentiaIL Detection.

We have seen that in comparison with a one-bit detector, a two-bit detec-
tor increases the minimum differential phase angle and widens the corre-
sponding eye-opening. Then the natural question is whether using an n-bit
differential detector (n > 3) offers any advantages? To determine this, let
us examine the operation of the conventional 3-bit differential detector.

The output of .the-3-bit diﬁerentia? detector (see Figure 4.9) is'given by
ds(kT) = r(kT)r (kT — 3T) sin(AU}) + ns(kT) (4.24)

where 7 |
AU = byaU_z+ b Uy + 0k U+ by Uy + b2 Uz + b sUs + b s Uy (4.25)

and
kT

= — jT)dr. 4.26
Ug-; ip_ap P =T (4.26)

z(t) + n(t) y(¢) " da(f)/_. [ |ax

BPF LPF
3T —~90°

Figure 4.9: Block diagram of a three-bit differential detector.

-

The values of U; for different B,T have been tabulated in Table 4.5. The
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Decision Rule
~dx = sin AU}
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— = e e e mm

Threshold

- 24\
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21

Figure 4.10: Phase-state diagram of three-bit differential detector.
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BT |U, Ul | Uo | Uy | Us | Us | Us | AUnin | AUEE,

min

b . /
0.15 | 4.85 | 26.7 | 63.0 | 80.3 [ 63.0 { 26.7 | 4.85 — 52.4 /
0.2 | 1.7 | 22.3|67.7|86.6|67.7{223| 1.7 — 840 || L,
0.25 | 0.6 | 18.8'| 71.2 | 88.8 | 71.2 | 18.8 | 0.6 | 24.8 .| 102.4/

03 [ 02 |16.2|73.9|896|73.9|162| 0.2 | 48.8 | 1138

04- — |12.5|77.5[90.0 | 77.5|12.5{ ~— | 80:0 36.0
0.5 | — |10.3|79,7}900|79.71103| — | 97.6 1713838
10 [ — | 59 |84.11900 |84.1| 59| — | 132,8 | 156.4
oo | —"| — |90.0[90.0{900| — | — | 180.0 | 180.0

[ \

Table 4.5: Phase—sﬂifts (in degrees) corresponding to signal terms (U,, U,
and U;) and ISI terms as a function of transmit Gaussian ﬁltér BT for
the three-bit. differential detector. AU, and DF are the minimum

differential phase angles before and after applying decision feedback.

PR

differential phase angles corresponding to all combinations of bg_3,b5—2,05-1 4
bi, bey1 are given in Table 4.6 for B,T = 0.25 and plotted in Figure 4.10. We
see that the signal has 10 distinct states (counting the states which are only
a few degrees apart as one). Taking into account all the ISI terms{ AUp;,
is calculated as 24.8°. In Figure 4.10, the decision threshold is the x-axis.
When AU is positive, (by_zbr_1be) is “-17; and when AU, is negative,
(be—2bg—1bi) is “+1”. Recall from (4.2) that when a three-bit differential
encoder is used, - '

ap = —bpbp.1bp.sq. (4.27)

”
Hence,
& = sgn{ds{kT)]. (4.28)

Although the conventional 3-bit differential detector has a slightly smaller
minimum differential phase angle than the one-bit differential detector, as
we shall see in Section 4.4, it -is more suitable to decision feedback than the
1-bit differential detector.

By examining the differential phase angles for n=4,5,...; the trend we
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AV,

Bit Combinations State

be-s br-z br_1 br brsy || (in degrees)
1 -1 1 -1 1 15 166.4
1 1 1 -1 1 16 126.4
1 -1 1 1 1 16 126.4
1 -1 -1 -1 -1 16 126.4
4 -1 -1 -1 1 16 126.4
.1 1 -1 1 1 17 91.2
-1 -1 -1 -1 -1 17 |- 912
1 1 1 -1 -1 17 88.8
1 -1 1 1 -1 17 88.8
-1 1 1 -1 1 17 88.8
-1 -1 1 1 1 17 88.8
1 1 -1 1 -1 18 52.4
-1 1 -1 1 1 18 52.4
-1 1 1 -1 -1 18 51.2
-1 -1 1 1 -1 18 51.2
-1 1 -1 1 -1 19 16.0
1 -1 1 -1 1 20 -16.0
1 1 -1 -1 1 21 -51.2
1 -1 -1 1 1 21 -51.2
1 -1 1 -1 - 21 -52.4
5 . | 1 -1 1 21 -52.4
1 1 -1 -1 -1 22 -88.8
1 -1 -1 1 -1 22 . -88.8
-1 1 -1 -1 1 22 -88.8
1 -1 -1 1 1 22 -88.8
1 1 1 1 1 22 -91.2
5 S | 1 -1 -1 22 -91.2
‘ 11 1 1 -1 23 -126.4
a1 -1 1 -1 23 -126.4
-1 1 1 1 1 23 -126.4
-1 1 -1 -1 -1 23 -126.4
¢ || -1 1 1 1 -1 24 -166.4

Table 4.6: Differential phase angles AUy of a three-bit detector.

\

Y
~
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have found leads to the conclusion that the 2-bit differential detector pro-
vides the largest minimum differential phase angle. It should also be noted
that in mobile communications, as the delay duration increases, having a
stable carrier phase over “n” bit duration may no longer be applicable.

4.4 APPLYING DECISION FEEDBACK TO
DIFFERENTIAL DETECTORS

The previous section examined the operatioxf"of the conventional differen-
tial detectors. The phase-state diagrams of Figure 4.4, Figure 4.7 and Fig-
ure 4.10 indicate that a large amount of intersymbol interference is inherent
in the received signal. In this section we demonstrate how the destructive
effect of ISI can be reduced.

4.4.1 Decision Feedback in a One-Bit Differential
Detector

" For the one-bit differential detector, at the instant ¢ = kT, Af, depends
not only on b but also on bi—y and b4y (see (4.12) and (4.13)). When b, is
to be decided, the estimate of by_; [i.e., 3,,_1) is already available. Hence,
introducing a phase shift equal to (b;.10,) in the T second delay arm will
cancel the effect of b;_.; on the signal phase.

Referring to Figure 4.4, we observe that in states 3 and 4, the effect of
ISI is always destructive because b; # br_;. Thus a phase shift equal to
(5;;-181) will increase the distance from the decision threshold by an angle
8;. The corresponding new phases are: ‘

Abyg = Abs + 6, (4.29)

and .

. Aa,“ = AG}M - 01. (4.30)
Thus, for states 3 and 4, the destructive ‘I(S«X/eﬂ?act of the previous pulse is
removed and a larger value at the samplifig instant is achieved. '
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For states 2 and 5, the effect of b;_; can be constructive or destructive.
By applying decision feedback, the effect of by_; is removed. Thus we
obtain: '

Abyy = Abyy + 6 | (4.31)

and

‘L Al = Abys £ 0y (4.32)

=N

The states 1 and 6 always have the widest separation and a phase shift
40f (bx-184) reducesa-t_he phase angle Afj and ‘Abis by 8;. Thus we obtain:

A, = A8y — 6, © (4.33)

and ', '
Agkﬁ = Abys + 0;. o (4.34)

Note that in determining the system perforrﬁahct, the critical states are 3
and 4. Hence the reduction in Af; for states 1,2,5 and 6 is several times

' compensa.ted by the increase in Afd,s and Afy,.

" The phase-state dlagra.m (for B,T = 0.25} after applying decision feed-
back is shown in Figure 4.11. The eye-diagram obtained by using decision
feedback is shown in Figure 4.12. A comparison. of Figure 4.5 and Fig-
ure 4.12 reveals that the eye-opening is significantly incréased.

The above analysis considered only the effect of by_;-at the k** decision
instant. For systems with a B,T < 0.25, the effect of bx_; is not negligible.
Then, the required phase shift in the T delay arm is (bk 161 + bk 202).

The minimum differential phase angle after applylng decision feedback
nge defined as )
S Alpi = 2(00 — 2_ ). : (4.35)
i<l

The values of AG2F for different B,T are shown-in the last column of
Table 4.1. From Table 4.1, we can conclude that by using decision feedback,
a one-bit differential detectzon of GMSK is possible for B,T values as low

as 0.15%. -

3Recall that for the conventional one-bit: differential detector the minimum permissible
B,T =0.22.
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Figure 4?1: Phase-state diagram of one-bit differential detector after ap-
plying decision feedback.

Figure 4.12: Eye-diagram of ong-bit differential detector after applying
decision feedback.
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4.4.2 Decision Feedback in a Two-Bit Differential
Detector

Having. demonstrated that decision feedback increases the eye opening of
the one-bit detector, we shall now apply the same concept to the two-bit
detector. :

Let us first assume that the effect of bx_3 and b4z is negligible. Observe
from Figure 4.7 that the phase-states 10 and 14 are subject to the maximum
amount of ISI. If the states 10 and 14 are ignored, then the y-axis represents
the optimal decision threshold. Hence our objective is to move the state
10 clockwise and the state 14 counter-clockwise. While doing this, we also
want to keep the other states as far away from the decision threshold (i.e.
y-axis) as possible. . ~

To meet these objectives, the phase of the 2T delayed signal is shifted
by A degrees. The phase shifting rule can be formulated as follows:

\ = 262 V2 if §k—1 7> i’:?k-z (4.36)
0 if bk-—l = bk_.g.

When the effect of b,_3 is not negligible, the reqdired phase shifts are

slightly different. Then, we have:

233::,—_1": + 2by_sVs if E’k-l # f:Jk-a and §k—1 # §k—2

A\ = 29;—2?5\\\ ?f by-1 =0,y and by F b (4.37)
| 263V if bp_1 F by and be_y = bp2
0 if bk-—l = bk_g and bk—-l = bk..z'.

The phase states (for .B;T == 0.25} after applying these phase shifts are
shown in Figure 4.13. Note that the resulting phase states and the cor-
responding eye-diagram shown in Figure 4.14 are symmetric. Comparing
the eye-diagram of the conventional two-bit differential detector, we ob-
serve that after applying decision feedback the eye-opening is significantly
increased.
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| Qecision Rule .y
ar = cos AV
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Figure 4.13: Phase state diagram of‘two-bit differential detector after ap-
plying decision feedback. N

Figure 4.14: Eye-diagram of two-bit differential detector after applying
decision feedback.
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4.4.3 Decision Feedback in a Three-Bit Differential
Detector

To determine how to apply the decision feedback to the 3-bit differential de-
tector, let us compare Table 4.3 and Table 4.5. We see that Uy = Vg, U.; =~
Vi, Uy =V, and U = V,. Table 4.5 has a column for U; values which
has no counterpart in Table 4.3. Noting these properties, we can transform
the phase states of the conventional 3-bit differential detector to that of
the 2-bit detector with decision feedback (see Figure 4.13). In order to do
this, we first introduce a phase shift in the 3T delay arm which is equiva-
lent to (Bk_lUl).‘ Then, we apply the phase shift rules which were used for
the 2-bit detector (i.e., (4.36) or (4.37)). The only difference is that the
bit corresponding to U, and Uj are bi_, and b,_3 respectively. Hence the
amount of phase shift (x) required in the 3-bit delay arm can be formulated
as follows. '

§k-1U1 + 2§k—3U3 + 204U, if 5:”:-2 # 1}1:—3 and §k—2 # §k—4

x = be—1U1 + 20, 3Us if bi—2 % br-z and br_2 = br—y
be—1U1 + 264U, i bg-z=br-3s and bpz # bis
b1 Uy if br-2=0br.3 and br_z = br_y.

(4.38)

The eye-diagrams of the 3-bit detector before and after applying decision
feedback are shown in Figure 4.15 and Figure 4.16 respectively (for B;T =
0.25). .

4.5 SIGNAL COMBINING AND
PROPOSED RECEIVERS

¢ “ . .
The last section demonstrated that applying decisioff feedback to differen-
tial detectors significantly increases the corresponding eye-openings. The
next step is to use the outputs of two detectors jointly.

The structure of the/envisioned recelver can be established by using
the maximum likelihood ratio test (MLRT) (see Section 3.6). The MLRT
indicates that the optimal utilization of more than one detector requires a
nonlinear receiver. In order to reduce the complexity of such an optimal
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)
Figure 4.15: Eye-diagram of a three-bit differential detector before applying
decision feedback.

‘Figure 4.16: Eye-diagram of a three-bit differential detector after applying
decision feedback.
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receiver, we propose two suboptimal linear receivers.

In the first receiver, the decision feedback-is applied to the one-blt and
two-bit detectors. Then the outputs of these detectors are combined. This
receiver is denoted by 14-2DF. The decision law for the 1+2DF receiver is
given by ' ,

ax = sgn(dy (kT) — c18x-1d,(kT)] (4.39)

where d)(kT), d;(kT) are respectively the sampled outputs of the one and
two-bit detectors after decision feedback, and ¢; is the combining. coef-
ficient (¢; > 1). The structure of the proposed receiver is that of the
combining with feedback (CWF) detector and its block diagram is shown
in Figure 4.17. Note that the transmitter corresponding to the 1+2DF
receiver does not employ a differential encoder.

In the second proposed receiver, the decision feedback is applied to the
two-bit and the three-bit detectors, and then the outputs are combined.
This receiver is denoted as 2+3DF The decision law of the 2+3DF receiver
is given by - .

&k = Sgl’l[d; (kT) - Cg&k_ld;(kT)] (4.40)

where do(kT), dy(kT) are respectively the sampled outputs of the two and
three-bit detectors after decision feedback, and ¢; is the combining coef-
ficient (c2, < 1). The block diagram of the 2+3DF receiver is shown in
Figure 4.18. Note that the transrhitter corresponding to the 2+3DF re-
ceiver requires a differential encoder (see Section 4.2 and equation (4.1)).

~

4.6 - RESULTS

We used a computer simulation approach to evaluate the BER performances
of various DGMSK configurations. The simulation was based on the Monte
Carlo error counting technique?.

The configurations we evaluated were:

o one-bit differential detection with decision feedback (1DF);

4Program listings are given in Appendix ‘B.
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Figure 4.17: Block diagram, of 14+2DF receiver.
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e combined one and two-bit detection'with decision feedback (1+2DF);

e combined two and three-bit detection with decision feedback (2+3DF).

For comparison purposes, we also evaluated

¢ conventional one-bit differential detectiop (1C);

e conventional two-bit differential detettion using a Gaussian predetec-
tion filter(2CG) [110];

¢ conventional two-bit differential detection using a Butterworth pre-
detection fllter(2CBW).

The individtal performances of the receivers which use decision feedback

are as follows.
»

1DF

The BER performance of the 1DF receiver for various B;T values is
plotted in Figure 4.19. In the same figure, we also show the performance
of the conventional one-bit detector (1C). The predetection BPF used for
both configurations is a fourth-order Butterworth with a BT = 1.0 (which
yields a better performance than a Gaussian filter). Observe that for the
B,T value of 0.3, at 2 BER of 1073, the decision feedback conﬂgur}ifio& re-
quires about 4.5 dB less E,/N, than the conventional detector. For smaller
values of B,T the advantage of the 1DF increases. Furthermore, the 1DF
configuration can operate at B;T values which are prohibitive for the con-
ventional system (e.g., B:T = 0.2).

1+2DF

Although the decision feedback drastiqally improves the performance
of one-bit differential detection, a comparison of 1DF and 2CG [110] indi-
cates that 1DF does not provide any advantages by itself. However, the
improved one-bit differential detector permits the utilization of one and two
bit detectors jointly, i.e., the 1+2DF configuration.

/
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Figure 4.19: BER performances of one-bit diferential detectors {1C: conventional,
- 1DF: using decision feedback). c
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The BER performance of the 14+2DF receiver for various B,T values is
plotted in Figure 4.20. The predetection BPF used is a fourth-order But-
terworth with a BT=1.0, and we have optimized the combining coefficient
¢; for different values of E)/N,. For GMSK, the best differential detec-

« tor reported in the literature is the conventional two-bit detector which
uses a Gaussian predetection BPF [110,105]. We have found that using a
fourth-order Butterworth filter provides about 0.5 dB improvement in the
performance of the conventional two-bit differential detector. This can be
observed by comparing the curves for 2C§“a.nd 2CBW in Figure 4.20.

When the performances of 1+2D\F"a.’na 2CBW detectors are compared,
we see from Figure 4.20 that for ByT =0.2 the improvement of decision
feedback is about 4 dB (at BER=10"?). Note that the improvement is a
function of the B,T value, and as B,T is reduced, the " provement becomes

. . }
greater. . !

{ ‘

In Section 4.4 we have shown that the th\fré’e-bit differential detector
using decision feedback provides a larger eye opening than a one-bit dif-
ferential detector with decision feedback. Cornsequently, the performance

of the 24+-3DF structure is expected to be better than that of the 1+2DF
receiver.

The BER performance of the 24+3DF receiver for various BT values
is plotted in Figure 4.21. The predetection BPF is a fourth-order Butter-
worth with a BT=1.0, and the combining coefficient ¢; is optimized. By
comparing the performances of 24+3DF and 2CBW detectors, we see that
at a BER of 1072 and for a B,T value of 0.2, the 24+-3DF configuration
provides about 5 dB E;/N, advantage. Again, the improvement varies as
a function of the B,T value. '

Having evaluated the new receivers individually, let us compare the
performances of different receivers for a given B,T. For this purpose we
chose the GMSK system with a B;T=0.25. This Xalue of B,T maximizes
the spectrum efficiency of digital land mobile radio \113]. The BER curves
obtained are shown in Figure 4.22. We can observe that 2+3DF has the
best performance among the differential detectors. For example, at\ BER of

3

o . ' 141



(-~

0 ) .
101
BER

1o~

10~2

1o~

Figure 4.20: BER performances of conventional two-bit differential detector (2C). and
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combined one and two-bit differential detectors with decision feedback {(1—-2DF).
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Figure 4.21: BER performances of conventional two-bit differential detector {2C}), and
combined two and three-bit differential detectors with decision feedback {2-3DF}.
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1074 it offersa1dB anda4.0dB Ey /Ny advantage over 14-2DF and 2CBW
receivers respectively. In Figure 4.22 we have also plotted the performance
of coherent GMSK in a AWGN channel [94]. It can be observed that the
2+3DF receiver is only 3 dB away from the coherent receiver, while the
problems associated with carrier recovery are avoided. :

¥ .

4.7 - CONCLUSIONS

The principle of the differential detection of GMSK has been examined
for one-bit, two-bit and three-bit differential detectors. The phase-state
diagrams introduced here provide an insight into the intersymbol ifiterfer-
ence mechanisms of these differential detectors. By applying decision feed-
back to these differential detectors, the effect of destructive ISI has been
partially removed. The improved differential detectors may be utilized in
configurations where the outputs of two detectors are combined. The best
BER performance is obtained when the outputs of the modified two-bit
and three-bit differential detectors are jointly utilized. For a.system with
a BT = 0.25, this new receiver provides about a 4 dB Ey /N, advantage
over currently known DGMSK receivers. Furthermore, the improvement is
greater for systems with B,T values smaller than 0.25.
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Figure 4.22: BER performanc’e. of various DGMSK receivers (B,T = 0.25).
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Chapter 5

SUMMARY AND
SUGGESTIONS FOR
FUR}‘HER’ RESEARCH

5.1 SUMMARY

This thesis has presented new transmit/receive processing techniques to im-
prove the bandwidth efficiency and/or detection efficiency of systems using
differential detection. The contributions of the thesis can be summarized
as follows:

1) The DCTPSK modem has been introduced.
This modem employs a new signal format which can be demodulated using
a conventional differential detector. The DCTPSK modem is suitable to
frequency division multiple access operations when the channel includes
nonlinearities.

The bit error rate performance of the DCTPSK modem in a hardlimited
channe] has been evaluated. It has been shown that in an adjacent channel
interference environment, more carriers can share the same channel using
DCTPSK modems compared to using DQPSK or DMSK modems. Sim-
ilarly, for certain bandwidth efficiencies, a DCTPSK modem requires less
transmit power than a DQPSK or a DMSK modem.
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As a proof of concept, we implemented a DCTPSK modem. The design
principle of the modem has been discussed -and the circuit diagrams have
been given. The performance of the modem has been evaluated using a
back-to-back configuration, and also via a satellite link. The experimental
results indicate that-the modem suffers about a 2 dB E; /Ny degradation:
due to various hardware imperfections. We also identified various sources
of impairments when the modem was evaluated over a satellite link.

2) Two new receiver processing techniques have been sntroduced.
The new receivers use twice the number of differential detectors and addi-
tional ba.seba.nd processing to i improve the BER performance of the DCTPSK
modem.

L)

The first new technique uses a symboi-by-symbol detector which com-
"bines the outputs of one-bit and two-bit diffePential detectors. Thus, an
Ey /Ny improvement of 1.2 dB is achieved (at BER=107%).

The sesqnd receiver processing technique is based on using a four-state
sequential decoder. The E,/N; improvement achieved with this technique

is about 1.7 dB. ‘ Y

The new receiver processing techniques are also applicable to DQPSK

" systems, and the same concepts can be utilized for other modulation tech-

niques as well.

3) New receiver structures have been introduced to improve the BER
performance of differentially detected Gaussian Minimum Shift Keying.
DGMSK systems can-provide much higher bandwidth efficiencids—than
DQPSK, DMSK or DCTPSK systems. But the price paid for the increased
bandwidth efficiency is a loss in detection efficiency due to a significant
amount of ISL Hence, to improve the performance of the DGMSK sytems,
the effect of ISI had to be reduced as a first step. For this purpose, the
principle of the differential detection of GMSK has been examined for one-
bit, two-bit and three-bit differential detectors. The phase-state diagrams
introduced here provide insight to the intersymbol interference mechanisms

of the differential detectors. By applying decision feedback to the differen- .

tial detectors, the effect of destructive ISI has been partially removed. The
modified differential detectors may be utilized in configurations where the
outputs of two detectors are combined. The best BER performance found
here is obtained when the outputs of the modified two-bit and three-bit dif-
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ferential detectors are jointly utilized. For a system with a B;T = 0.25, this
new receiver provides about a 4 dB E; /N, advantage over currently known
DGMSK receivers. Furthermore, the improvement is greater for systems
with BT values smaller than 0.25.

5.2 SUGGESTIONS FOR FURTHER
RESEARCH '

'5.2.1 Using Decision Feedback in Differential
Detection of CPM Signals

The compact main lobe and low sidelobes of the GMSK spectrum is achieved
by using pulse shapes which extend over several symbol intervals. There are
several CPM signals offering similar advantages such as TFM and Duobi-
nary MSK. In all these CPM signals, ISI is inherent in the transmitted
* signal, and employing conventional differential detectors results in rather
poor BER performances.

The decision feedback structure which we introduced for GMSK can in
principle be applied to other CPM signals. Therefore, for-the CPM signals
of interest, the exact structure of the receiver might be determined and the
performance of the system might be evaluated.

5.2.2 Seciuential Decoder for CPM Signals

The sequential decoder presented in Section 3.6 provided about a 1.7 dB
improvement over a conventional differential detector. Following a similar
approach, sequential decoders for GMSK and other CPM signals.can be
developed. Since the CPM pulses extend over several symbol intervals, the
sequential decoders required here will be rather complex. But in return,
the BER improvements obtained by using such a sequential detector are
expected to be higher than the decision feedback structure presented in this
thesis.
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5.2.3  Designing CPM Signals With Asymmetrlc Pulse
Shapes

In Chapter 4, we have seen that by using decision feedback, the ISI due
to past symbols can be removed. When the pulse shapes utilized are sym-
metric (e.g., GMSK or TFM), the ISI due to future symbols is still signif-
icant. By using asymmetric pulse shapes, the ISI due to future symbols
can be kept at a low level. Thus the BER performance will improve. For
this purpose, the bandwidth efficiency versus detection efficiency of various
asymmetric pulse shapes need to be investigated.
;

5.2.4 Performance of Differential Detectjon in Fading
Channels

In this thesis the impairments considered were the additive white Gaussian
noise, ISI and ACI. In mobile radio and satellite communications, the other
major sources of impairments are fading and shadowing. The performance
degradations caused by fading and shadowing on systems using differential
detection, particularly the new systems presented here, are worth studying.

5.2.5 Applying Differential Detection to Coded
Modulations

In recent years, powerful coded modulation techniques have been intro-
duced [126]. Coded modulations offer the attractive possibility of achieving
performance improvements without any bandwidth expansion when com-
pared to uncoded modulations. Coded modulations are currently being
applied to voice-band data transmission [127], and future satellite commu-
nication systems are expected to utilize them as well [128,129].

The existing coded modulation techniques are designed for coherent de-
tection. Designing coded modulation constellations suitable to differential
detection is a challenging and potentially fruitful area.
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Appendix A

DCTPSK MODEM DETAILS

This appendix consists of two parts. Section.A.l serves as a user’s manual
for the proof-of-concept DCTPSK modem, while in Section A.2 the circuit
diagrams of the modem are documented.

’ 5
A.1 DCTPSK Modem User Manual

This section intends to serve as“z user’s manual for anyone interested in
using the DCTPSK modem. All the equipment needed is currently avail-
able in the Digital Communication Group laboratory. Following the steps
described below, the user can reproduce the results presented in this thesis.

"A.1.1 Equipment Needed

e Data Error Analyzer (e.g. HP 1645)

Oscilloscope (bw < 70 MHz, with a x-y display option)

Spectrum Analyzer (e.g. Anritsu MS62D)
o~

RMS Powermeter (e.g. HP 435B)



. Power Supply (+15V, +5 V, -12 V) /

Signal Generator (4.096 MHz, e.g. HP 606A)

Signal Generator (70.256 MHz, 10dBm; e.g. Marconi 2019)

IF filter @ 70 MHz (noise bw known, e.g. K&L 3C20-70/1-B/B)
IF Noise Source {e.g. DCD 3002) -
Combiner (e,g. MCL ZFSC2-1)

Variable Attenuators, Cables; T connectors, 50 (1 termination.

A.1.2 Setting Up The Modem

The DCTPSK modem consists of 5 cards (Vector plugboard 4610 construc-
tion) plugged into a module cage (Vector-Pak) which can accommodate up
to 8 cards. Power supply connections are on the right side of the box.
All other external connections are made from the front panel using BNC
connectors. In Figure A.l the front panel of the modem is shown and
the external connections are indicated. Note that the recommended power
levels for the external connections are underlined.

The modem is set-up as follows.

1) Supply the following dc power levels:

green: +15 V,

red: +5 V,

*

yellow: -12 V,

e bilack: ground

2) Observe that the internally generated 64 kHz data clock is available at
port 2. This clock is fed to a PRBS generator (e.g. HP 1645).

3) Connect the output of the PRBS generator (Data Out) to the modem
“Data In” port (i.e. 1).
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Figure A.1: Front panel of the modem. Hatched sections not used.

. Data In {from HP 1645) (TTL)

. 64 kHz Clock Out (to HP 1645) n

. 256 Clock Out (UNUSED)

Differentially Encoded I-Channel (test point)

Differentially Encoded Q-Channel (teét point)

I-Channel after S/P

Q-Channel after S/P

Baseband DCTPSK [-Channel {to 11)

. Baseband DCTPSK Q-Channel (to 10)

Input to 70 MHz Mixer (from 9)

. Input to 70 MHz Mixer (from 8)

. UNUSED

. Transmitted Data Qut (IF: 70 MHz) (to combiner or Test Loop Translator)
Received IF Signal In (70 MHz) (from BPF or D/C) (-30_ dBm)

+ IF Local Oscillator In (70.256 MHz) (from Marconi 2019) (10 dBm)
Down Converted IF Signal Out (@ 256 kHz) (to 19)

+ Decoded Data Out (to Error Analyzer Data In)

. Integrated Q-Channel Eye-Diagram (for fine adjustment)

19. Received Signal @ 256 kHz (from 16)

20 Clock In for the Differential Detector (4096 kHz from HP 606A) (10 dBm}
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A.1.3 Baseband Signals

4) At this point the following waveforms can be observed on the scope.

e Serial to parallel converted data is available at parts 8, T:

e The differentially encode\gl I and Q channel signals are available at
ports 4, 5 respectively. Note that ports 4-7 are test points; the
signals observed at these-points are connected to the other stages of
the modem internally. -

5) The baseband I and Q channel DCTPSK signals are available at ports
8, 9 respectively. By connecting these ports to a scope and using the
64 kHz clock for external triggering, the eye-diagrams of the I and @-
channel signals can be viewed (see Chapter 3, Figure 3.20). With the
same connections, if the scope is switched to x-y mode, the signal space

diagram (SSD) of the DCTPSK modem can be observed (see Chapter 3,
Figure 3.21).

A.1.4 Modulated Signal

6) The baseband DCTPSK signals are fed into a quadrature modulator. The
center frequency of the modulator is 70 MHz and this is provided by an
internal crystal oscillator. To obtain the modulated signal, port 8 is con-
nected to port 11 and port 9 is connected to port 10. The transmitted
IF signal can be observed at port 13. The spectrum of the signal can be
observed on a spectrum analyzer (see Chapter 3, Figure 3.6).

A.1.5 BER Measurements Using a INoise Generator

7) The transmitted 70 MHz signal (from port 13) and the noise from the
IF noise genedator are externally combined. Signal plus noise are passed
through a BPF of a known bandwidth. The output of the BPF is connected
to port 14. The output of the 70 MHz BPF is also connected to the power
meter for carrier and noise power measurements.
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The decoded data out (port 17) is connected to the “data in” port of
the Data Error Analyzer (e.g. HP 1645). The data Error Analyzer also
requires a receive clock. For this purpose the received clock is the same as
the transmit clock (i.e., hardwired).

A.2 Circuit Diagrams

A block diagram showing the operations performed on each card is given
in Figure A.2. The associated circuit diagrams are given in Figures A.3
to A.7. The correspondence between the cards, operations performed a.nd
the circuit diagrams are ta.bula.t;ed in Tabie A.1.

Card No. Functions Performed Corresponding Figure(s)
1 Serial to Parallel Conversion Figure A.3
1 Differential Encoding Figure A.3
Selecting Transitions Figure A.4

2 DCTPSK Processors Figure A.5 -
3 Qua.dra.tu;'e Modulator Figure A.6
4 70 MHz to 256 kHz D/C Figure A.7
4 Phase Comparator Eigure A.8
4 PWM Decoder Figure A.8
5 ' Digital Delay Figure A.9

& Phase shifting

Table A.1: Functions performed on each card and corresponding circuit
diagrams.
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- CARD 1 ] - C_ARIS-E
DIaI.lt.a.I S/P I I I |
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| Decoaﬁr - |
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Figure A.2: Block diagram of operations performed on each card of the

modem.
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Figure A.6: Circuit diagram of quadrature modulators.
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Appeﬁdix- B

COMPUTER SIMULATIONS
AND PROGRAM LISTINGS
A

B.1 Simulation Considerations

There are many situations where explicit performance evaluation of a com-
munication system defies analytical mrethods and meaningful results can
best be obtained through computer simulations. This is particularly true
when the channel includes composite sources of impairments or the detec-
tion process is nonlinear. For the systems considered in this thesis, both
conditions exist. '

To simulate the communication system, we have considered two simu-
lation approaches. These are

1. Quasi analytical approach,

2. Direct Monte Carlo method.

Let us brieflty discuss the capabilities and the features of the two approaches.

Quasi Analytical Approach

The complex samples of the signal (without noise) are processed through
all the simulation modules of the system. The interfering signals are also
processed in a similar fashion, and then added to the desired signal at an
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appropriate stage. In the absence of timing offset or jitter, the detected
signal value is taken as the one corresponding to the widest vertical eye-
opening. Additive Gaussisian noise is not simulated but the effective noise
power is calculated using the filter.transfer functions and input noise spec-
tral density. The probability of error is calculated for each symbol using
an analytical expression. The average probability of error is calculated by
diréctly averaging over several symbol durations. This technique is appli-
cable to the class of receivers for which demodulation can be modelled as a
lifear process. This technique results in a considerable saving in computer
e by avoiding direct noise simulation and error counting. .

Rirect Monte Carlo Method

The signal representation and generation techniques for the direct Monte
Carlo method are similar to the quasi analytical approach. However the
random noise samples and interference samples are now both generated and
added to the signal samples at the appropriate places. The signal is demod-
ulated and the bit errors are then counted directly. A major disadvantage
of this approach is that the run-time reguired to estimate the average bit
- error probability, P, is inversely proportional to the P;. To obtain reason-
able accuracy in P,, about 100 errors should be observed, which requires
a run length of 100/P, bits. For example at P,=10"%, a run length of 108
bits is required, which resuits in long CPU time on most computers.

The quasi analytical approach is not suited to the systems investigated
in this thesis, because the proposed receivers are not linear. Therefore the
direct Monte Carlo method has been used.

Accuracy Considerations
J

The usefulness of a simulation package depends stromngly on the relia-
-bility and accuracy of the results it produces. For this reason, considerable
attention has been paid to modelling and ‘validation.

In order to obtain accurate results, the sample sizes used in the programs
were sufficiently large. This is particularly important because we used the
Monte Carlo method, where the evaluation of the BER performance was
performed by simply counting the error occurences.

If the error events have a binomial distribution, which would be the
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case for coherent detection with no ISI, the accuracy of the Monte Carlo
method is measured by.the variance

2 _ B(1—R)
O = — N
where P, is the probability of bit error and N is the sample size.

,
¢

-, When the signal is differentially detected, the distribution of error events
depends on the joint probability density of both the noise and the signal. In
other words, the noise is signal dependent. We observed that for differential
detection the variance of the simulation results tends to be larger than the
binomial case. Therefore, in all BER estimations, we counted at least 200
errors. This limited us to estimating bit error rates greater than 10~%,

For the validation of oursimulation programs, whenever it was possible,
the simulations results were compared with the analytical results (e.g., see
Figure 2.23).

%

B.2 Pro gram List"ings

The listing of the computer programs which were use,gto evaluate the bit er-

*" ror rate performances of systems employing differential detection are given
below. The programs are written in FORTRAN and ra.r{ on the Amdahl
470/V8 computer.The listings are given for running in an interactive mode.
-“However, when user becomes familiar with the program parameters, it is

recommended to make the few necessary changes and run the programs in
+ the batch mode. '

The listings consist of 4 main programs which simulate the following

_8ystems:

1. The program DDPSK: calculates the BER performances of
DBPSK,

. DQP&,
DOQPSK,
DCTPSK.'
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The receivers considered in this program are conventional. =

2. The program IMPDCT: calculates the BER éerforma.nce of the DCTPSK
system with the improved receivers (see Section 3.6).

-

" 3. The ﬁrogram DGMSK calculates th;e BER performances of

. One—bmwtxonal differential detection of MSK or GMSK,
Ne-bit dlﬁ'erentla.l detection of GMSK using decision feedback,

¢ Two-bit conventional. dlfferentla.l detection of MSK or GMSK.
\
4. The program IMPDGM: calculates the BER performances of differ-

entially detected GMSK when decision feedback is used and "

. output/gf one-bit and two-bit differential detectors are com-
bined,

¢ outputs of two-bit and three—bxt differential detectors are com-
bined.

Ea.ch main program calls up a series of subroutines, each routine simu-
lates one subsystem of the communication link. Dividing the program 1nto'
small subroutines simplifies the debugging process. Furthermore, adding
a subsytem to the communication link (or deleting one) is dond with less

eﬂ'o];_t“

i
The subroutines are divided into three categories:

e specific subroutines (used by only one maimn program),
¢ shared subroutines, and

o IMSL library subroutines [130].
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WRITTEN ON APR.17 1984 BY ABBAS YONGACOGLU

THIS PROGRAM SIMULATES CONVENTIONAL DIFFERENTIAL DETECTION

OF THE FOLLOWING PSK TYPE SIGNALS
1) BINARY PSK (DBPSK)
2) QUATERNARY PSK (DQPSK)

3) OFFSET QPSK (DOQPSK)
*4) DCTPSK

THE SIMULATION 1S IN BASEBAND.

THE SUBROUTINES USED IN THIS PROGRAM ARE :

*** 1) IMSL ***

FFTC GGNML

*** 2) SHARED WITH OTHER PROGRAMS

ENERGY FILT FILTER HLIM PRBS RCOSFA REIM

COMP CHOFIL DATA REIM RDRCOS RDBWG

*** 3) SPECIFIC TO THIS PROGRAM ***
DBPSK TXQPSK TXO0QP RDNONL

RXDBPS RXDQPS RXOQPS SAMTIM SETFI
NOTE: IPF= NUMBER OF SAMPLES PER BIT

SIGNAL — TX AND RX SIGNAL (LDIM)

TXF,PREFI— CONTAIN FILTER COEFF.
AR AI — REAL AND.IMAGINARY PARTS OF SIGNAL (LDIM)
A

DOUBLE PRECISION DSEED

COMMON LDIM,PLIPF NSYM

COMMON /PARA/NO1,NO2,SYMRAT,SBANDW -
COMMON/IOPUT/ITTLITTO,LPT

COMPLEX SIGNAL(2048),51G 1(2048),81G2(2048), TXF(2048), PREFI(2048)

COMPLEX SAMSIG(256),B2(2048) |

DIMENSION THETA(2048) '
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. DIMENSION THETA2(2048)
INTEGER 1E(36)
COMPLEX SIG1)(2044),SIG1Q{2048),B11(2048),B1Q(2048)
DIMENSION AR(2200),A1(2200),DUM(2200)
INTEGER 11(258),1Q(256),11D(256),1QD(256), IORI(258)
INTEGER JAI(29000)
INTEGER 111(256),1Q1(256)

- DIMENSION D11(2048),D1Q(2048) .
c
C INITIALIZE
o

C‘."“.‘."“.‘O“

IPF=8 . . "
NSYM=256 L‘,\_J\
L=11 .
C.I..““.--“.‘.‘-

NP=2**1,

LDIM=NSYM"IPF

IF(LDIM.NE.NP)WRITE(6,854) *
654 FORMAT(5X,'DIMENSIONS DO NOT MATCH')

IPFT2=IPF"*2

NSYMMI1=NSYM-1

NSYMO2=NSYM/2
' WRITE(G.IOO)IPF

INC=6 .

PI=3.141552653589793

SYMRAT=1.0

BITRAT=1.0

EBIN=1.0

SBANDW=IPF*SYMRAT

NO=LDIM/2

NO1=NQO+1

NO2=NO1+1

ITER=0 N
c .
c .
C START FOR{E_A?'CH NEW RUN
C
1111 ITER=ITER+1

DO 362 I=1,36
362 IE(I)=0

IDUM=13.

DSEED=268943D0

ITTI=7

- ITTO=?
LPT=6

C--UOCO‘OOOUU‘.ODCCllit.1---*-“.-.‘“‘.--tt‘..l.-..‘llttti

C CHOOSING THE MODULATION TYPE

G.‘.‘."‘...'....“-‘-'."-D"-U-.‘..“‘.....-..----‘..".-
WRITE(7,2808)

2803 FORMAT('BPSK=1, OQPSK=2 QPSK=3 DCTPSK=d ')
READ(7,6001)ICOD

- .
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IF(ICOD .EQ.2}WRITE(7,831)
831 FORMAT('THRESHOLD IN DEGREES 7')
IF(ICOD.EQ.2)READ(7,3001)TH
3001 FORMAT(F6.2)
WRITE(7,6010); )
READ (7,6004)IRUN"
IF(JRUN.LE.50)GOTO 210
WRITE(7,7001)
READ(7,6004)JRUN .
210 CONTINUE ’

INOBIT=28000
ISYBEF=0

WRITE(7,6008)

READ(7,8004)DB
DBR=DB/100
PNOIN=1.0/(BITRAT*(10.0°*DBR))*IPF

Q

C GENERATE A LONG PRBS OF LENGTH INOBIT

CALL PRBS(JAII5,1,15,INOBIT)

Q

c CHOOSING THE FILTERS f
¢ .
WRITE(7,7008) ‘
7006 FORMAT('VARIABLE FILTER PARAMETERS PRESS 1')
READ(7,6001)IVARFI
IF(IVARFI.EQ.1)GOTO 360
ITXFI=1
[PREFI=1
CALL SETFI(TXF PREFI)
GOTO 950
c
¢ TX FILTER .
c
360 WRITE(7,8100)
READ(7,6001)ITXFI
IF(ITXFL.NE.1)WRITE(8,8109)
IF(ITXFLEQ.1)CALL CHOFIL{TXF,1)
o !
¢ PREMOD FILTER
c-
§50  WRITE(T,9100)
REAY(7,8001)IPREFI '
IF(IPREFLNE.1)WRITE(6,0109)
IF(IPREFLEQ.1)CALL CHOFIL(PREFI;2)
€
c

850 WRITE(7,8201)
8201 FORMAT('DO YOU WANT A HARDLIMITER ? YES=1')
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& o
READ(7,6001)IHLIM
WRITE (7,2045)
c"“‘.‘“..“‘l.l.l.‘."lil‘ti..‘ll...‘iit“"‘iii‘.“!""‘--‘
c APIACENT CHANNEL INTERFERENCE PARAMETERS
0 ' &
2045 FORMAT({'IF ACI IS TO BE SIMULATED THEN PRESS 1.
READ(7,6001)IACI
IF(IACLNE.1)GOTO 201
WRITE(ITTO,897) . «
897 FORMAT{'B/S/HZ 7' '
READ(ITTLB890)BPSEHZ—
CHASPA=1.0/BPSPHZ '
WRITE(ITTO, 7 ) s
797 FORMAF('REL. ATTENUATION’)
READ(ITTI,880)ATT
890 FORMAT(F8.3) ‘
* c.1‘i‘:::‘.“.‘.l‘.-ttl.“‘l“‘.-‘.-“ll‘il
I[FCN1=NSYM*CHASPA
IFCN2=LDIM-IFCN1 '
WRITE(7,178)IFCN1,IFCN2
178 FORMAT('IFCN1="14,6X'IFCN2=",I4)
CALL ACGEN(SIG1,3IG2,TXF ICOD,ITXFI,JHLIM
1,L,IFCN1,IFCN2,ATT)
C!!tt‘t..!i‘l‘i"‘.‘t‘i‘.t-.-‘-t‘t-.ti“.“.
201 CONTINUE
C ' . -
ISTART=1

c
1900 ICHE=JRUN'INC+NSYM+IDUM
IF(INOBIT.LE.ICHE)WRITE(6,689)

IF(INOBIT.EE.ICHE)STOP ’

c

C U .

C START OF EACH ITERATION -

o )

c

' NSYMP2=NSYM+2

. DO 888 KRUN=ISTART,JRUN

WRITE(7,3300)KRUN
CALL DATA(JAIIORINSYMP2,IDUM)

c

IF(ICOD.EQ.1) CALL DBPSK(IORI,SIGNAL,AR ALIID)
IF(ICOD.EQ.2)CALL TXOQP(SIGNAL,AR,AI,IORI,II,fQ,IID,IQD)

”
[F{ICOD.EQ.3.0R.ICOD.EQ.4)CALL TXQPSK(IORLILIQ,SIGNAL AR,ALIID
1,1QD,ICOD) . \

C PASS THE SIGNAL THROUGH THE TRANSMIT FILTER

IF(ITXFLEQ.1)CALL FILTER(SIGNAL,TXF,LDIM,L)

\ - 189
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N'.C‘ Susredden bl Eavar e ey ) /
c HARDLIMITER
G'. ‘..‘.“‘-."‘-..‘-...--‘ -’{ ¢
. _IF(IHLIM.EQ.1)CALL HLIM(YIGNAL,LDIM) s
cl :
c .- CALCULATE THE ENERGY PER BIT
' C B ’

CALL ENERGY(SIGNALEB)
IF{IACLEQ.1)CALL ACHSIGNAL SIG13S1G2)

c as
c GENERATE AND SCALE THE NOISKE ,
C R
-

c -

CALL GGNML(DSEED,LDIM ,DUM)

PNO'—_-PNDIN‘EB '
c

DO 53 I=1,LDIM
53  DUM(I)=DUM(I)*SQRT(PNO)

C LI AL AR LR LL LR L)

C  ADD NOISE

C [ ELLEXELELERLERL ]
DO 63 I=1,LDIM - : ,
§3 ° SIGNAL(I)=SIGNAL(I)+ CMPLX(DUM(I),DUM(LDIM+1-1))
C
c ' N
C PREMOD FILTERING )
c ) -
*  [FIPREFLEQ.1)CALL FILTER(SIGNALPREFI,LDIM,L)
c
C ..--.‘----.....‘.".“...'.“.-‘."----.“"----
c DECODING
CI“--'-“..--‘..“.....‘.‘...."‘...--..'-.‘".‘-.--.--"".‘“.--'
c
IF(ICOD EQ.1)CALL RXDBPS(SIGNAL,SIG1LIORLIE,DILISAMPO)
c , -
IF{ICOD.EQ.2)CALL RXOQPS(SIGNAL,B2,AR, AL THETA, THETA2,JE,TH JORI
7 ISAMPO) -
c :

IF(ICOD.EQ.3.0R.ICOD.EQ.4)CALL RXDQPI(SIGNAL,SAMSIG,ILIQ.IE,
?BH,BIQ,DU,DIQ,SIGII,SIGIQJSAMPO) .
C U.“““-"-.""‘--“.-'.---’.‘--.‘-....“‘-'. ....\
C .
IDUM=IDUM-+INC
8388 CONTINUE
WRITE(T.QTOI)U.IE([)J:I,IBAMPO_)
9701 FORMAT(I2,6X,18)
CALL SAMTIM(IE ISAMPO,ISYBEF)
C-o--ocq--oc‘ottnnu-no-o-n--oo-oo------ov----no----'nn---n-
R C
c .
, 196  WRITE(7,3613)ISYBEF
3613 FORMAT('ISYBEF ='I4)
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206

211

369
7005

c

.

BERBEF=FLOAT(ISYBEF)/FLOAT((NSYM-4)*JRUN)
WRITE(6,920) BERBEF

WRITE(7,920)BERBEF

FORMAT('BER = *,F10.6)

WRITE(7,712)DB
WRITE(7,5006)
READ(7,6001)ICONT
IF(ICONT.NE.1)GO TO 369
WRITE(7,8202)
READ(7,6004)IINC
IF(IINC.LE.60)GOTO 211
WRITE(T,7001)
READ(7,6004)1INC
ISTART=1+JRUN
. JRUN=JRUN+IINC
GO TO 1800
WRITE(7,7005).
FORMAT('FOR A NEW RUN PRESS 1')
READ(7,6001)NEWRUN
IF(NEWRUN.EQ.1)GOTO 1111

C READ FORMATS

C
6004
8004
6001
C
C
7001
6010
100
6003
8100
8109
9100

_ 9109
689
3300
258
712
5005
8202

aa Qo

FORMAT(I3)
FORMAT(F10.4)
FORMAT(I1)

FORMAT('IS IT A MISTAKE? TRY AGAIN’}
FORMAT{'NO OF RUNS=7 (i3)')
FORMAT(6X,'IPF="14) )

FORMAT(' DB= 7 (F10.4)’)

FORMAT('DO YOU WANT A TX FEILTER ? (YES=1)')
FORMAT('NO TRANSMIT FILTERING’)

FORMAT('DO YOU WANT A PRE-MOD FILTER ? (YES:l))
FORMAT{'NO PREMOD FILTERING') .
FORMAT(2X,'INCREASE INOBIT')
FORMAT(6X,'KRUN=",14)

FORMAT(10X,'ENERGY BEF MOD'F10.6)

"FORMAT(10X,'DB="F10.4)

FORMAT('DO YOU WANT TO CONTINUE 7'//IF YES PRESS 1'}
FORMAT('NO OF RUNS')

STOP

END

TRANSMITTER SUBROUTINES
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C“‘..l."l..“ii.-..-I.‘-‘...‘."."..‘.-.Q..‘--"‘-..-“‘=-‘.-.

C THIS SUBR. F!RQT DIFFERENTIALLY ENCODES THE INPUT DATA
C THEN GENERATES THE BASEBAND BPSK JSIGNAL.
C SUBROUTINES USED: STAYB, REVB, BPSK

CO-“!.il‘ill‘l‘0‘..-ttt‘il"ttt"“‘..ll'!!‘...'.“.t“‘;'.“i‘!.

SUBROUTINE DBPSK(II,SIGNAL,AR,ALID)
c.'.;““".‘.-..“‘.‘.'.--‘...“‘-.-‘.““‘i..l“l'.l‘l---i-.“‘
COMMON LDIM PILIPF,NSYM
COMPLEX SIGNAL(1)

DIMENSION AR(1),AlI(1)
!NTEGE!I. 11{1),[D(1) ,

.

c-
C  DIFFERENTIALLY- ENCODE
c .
1{1)=1 . - % (
1D (1)=11{1) ) )
DO 3000 I=2,NSYM . ™
IF(11(1).EQ.1)CALL STAYB{IID,I)
IF(11(1).EQ.-1)CALL REVB{ID,1} —
3000 CONTINUE '
C -
G -..-i.‘tl-““liiinitﬁdv‘tl‘...“""t.“t#t
c GENERATE THE BASEBAND SIGNALS
C ‘l't-C-tttt-!.t‘----..-‘"“l.“".-.“-“
C
. CALL BPSK(AR,ALIID) —
o4
.CALL COMP(SIGNAL,AR,AlLDIM)
RETURN '
END

CI-‘-.“U.'ﬁ-.“"".‘Ul.““"il‘.‘.""".--‘"1‘.‘."“".

SUBROUTINE STAYB(ILI)
INTEGER 11{1)
TI(1)=11{I-1)

RETURN

END .
O.‘U.O.‘-.“-‘.-.‘l‘..-.."!-Il‘.."."-‘."““#“‘--lll‘-‘---

SUBROUTINE REVB(ILI)

INTEGER II{1)

1I{1)=-T5{I-1)

RETURN ) '

END

C.."..O‘."“'-.“..‘-.-i‘.....“""‘U..““t"““‘“"-'..

C THIS SUBROUTINE GENERATES THE BPSK SIGNAL
c-0‘...‘..“..----‘.'.‘.-‘i‘...‘..i‘.""..‘l..‘..“"‘..“--
SUBROUTINE BPSK(AR,ALID)
*COMMON LDIM,PLIPF,NSYM
DIMENSION AR{1),Ai(1)
INTEGER 1ID(1)
DO 12 I=1,NSYM
DO 12 J=1IPF
AR((I-1)*IPF+3)=IID(I)

P ——

a
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N

AI((I-1)*IPF +1)=0.0 .
12 CONTINUE =
RETURN

C GENERATES THE TRANSMITTED DQPSK OR DCTPSK SIGNAL
c ! .
C THE SUBROUTINES CALLED ARE: )
C 1) SEPA, 2) QPSKDE, 3) QPSK, 4) DCTPSK

C."ti“.".I‘-‘.'..I.‘.'.“""‘“‘..‘.“t‘-‘-“‘"‘l.‘--“.'-.'

SUBROUTINE TXQPSK(IORILIIIQ,SIGNAL,AR,ALIID,IQD,ICOD)

c..“‘...‘.““‘.-“-"-““““‘.‘*“‘......."!.‘O...‘i“.i....

COMMON LDIM PLIPF N3YM

i T

COMPLEX SIGNAL(1)

DIMENSION AR(1),AI{1)

INTEGER IORI(1),11(1),1Q(1),IID(1),1QD{1)
[ . .
C  SERIAL TO PARALEL CONVERSION
o —

CALL SEPA(IORLILIQ,NSYM) _ ;
¢
C  DIFFERENTIALLY ENCODE THE I AND Q CHANNEL DATA
c . '

CALL QPSKDE(ILIQ,HD,IQD,NSYM) =T
c
c . GENERATE THE BASEBAND SIGNALS
. :

IF{ICOD.EQ.8)CALL QPSK(AR,ALIIDIQD)

IF(1COD.EQ.4)CALL DCTPSK({AR,ALID,IQD)

CALL COMP(SIGNAL,AR,ALLDIM)

RETURN

END .
c."'“"-‘ti“tt-i.-“t‘-‘i-it‘.‘...‘“'."““‘“.i'.‘l;ti‘i.t.
¢ THIS SUBROUTINE DIFFERENTIALLY ENCODES THE QPSK (OR DCTPSK) DATA
C .
C THE SUBROUTINES CALLED ARE: 1) STAY, 2) P0g0, 3) NE0, 4)REV
o : :

C“-“-t..*i'i".“‘*'.i-"-'-".*.-“"l.““‘ﬁ.“."'l"".“‘-

SUBROUTINE QPSKDE(I1,IQ,lID,IQD,NSYM)
cii!!‘.".““".'-"...‘I"-‘-“-“‘!“!‘-‘4‘."'I"t..““-‘ﬂ-'

INTEGER 11(1),1Q(1),IID(1),I1QD(1)

NSYMO2=NSYM/2 :
c - .

1I{1)=1
1Q(1)=1
IID(1)=11(1) "
IQD(1)=1Q(1)
C

DO 2000 I=2,NSYMOZ -

IF(1I(1}.EQ.1.AND.IQ(1).EQ.1)CALL STAY(IID,IQD,I)
IF(II{I).EQ.1.AND.IQ(I).EQ.-1)CALL POS0(IID,IQD,I)
IF(11(1) EQ.-1.AND.IQ(1}.EQ.1)CALL NESO(IID,IQD,I)
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IF(1I(1).EQ.-1.AND.IQ(1).EQ.-1)CALL REV(IID,IQD,])
2000 CONTINUE N~
. RETURN °
END
C"‘““.“..-.'..‘i.i'..“‘."l“‘..“t'-.....‘l‘.‘.".."-"‘
SUBROUTINE STAY(ILIQ,I)
INTEGER 11(1),1Q(1) : ' .
— =01 :
1Q(1)=1Q(1-1)
RETURN
END
.C.-“-.‘.‘"t“.“.“"‘Q.'-l-“.l.‘...".O".‘O."‘I"-.'.‘-"‘
.. SUBROUTINE REV(ILIQ,)
INTEGER 11(1),1Q(1)
11{1)=-I1{1-1) ‘
1Q(1)=-1Q(I-1) .
RETURN 7 —_ -
END
C..“".‘.'.'”m‘-l.i--....“.“.“"-.“.‘.'.".‘*.‘II--.‘.
SUBROUTINE POS0(ILIQ 1)
- INTEGER II(1),1Q(1)
COMPLEX X,Y
A=I1{}-1)
B=I1Q(I-1)
X=CMPLX(A,B)
Y=X*CMPLX(0.0,1.0)
G=REAL{Y)
D=AIMAG(Y)
I(I)=C -
1Q(1)=D )
—RETURN
END
Cll...-‘-.“--.-.ii.-‘l.-‘Q“--.‘.‘.‘..“““'-.."““‘..-i‘
,  SUBROUTINE NESO(ILIQ,I)
INTEGER 1i(1),1Q(1)
COMPLEX XY
A:Il(l—l)
B:!Q(I-l)
X=CMPLX(A,B) v
Y=X*CMPLX(0.0,-1.0)
C=REAL(Y)
D=AIMAG(Y)
1{1)=C
IQ(I)=D
RETURN
END

C.l-.“t-l-.‘.'.--."l.‘-‘.....‘...l“"‘."‘--""-'-....' °

C THIS SUBROUTINE ENCODES THE QPSK SIGNAL
C“..-I“".--....l‘l"‘-----l"“-‘..‘.‘.‘..t'.‘lll"l'.--...
SUBROUTINE QPSK(AR,ALIID,IQD}_
COMMON LDIM,PI,IPF,NSYM
DIMENSION AR(1),AI{1)
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INTEGER 1ID(1),1QD(1) : '
. NSYMO2=NSYM;/2
« IPFT2=IPF*1
* DO 12 I=1NSYMO32
DO 12 J=1PFT2
AR((I-1)*IPFT2+3)=IID(1)
< AI{(1-1)*IPFT2+J3)=IQD(]) ’
12 CONTINUE
RETURN
END . _
c“.“..".‘b...-‘l....'"‘.‘!'U‘-“‘...t‘-.-..‘H‘C'ﬂ..‘l‘1‘
C THIS SUBR. GENERATES THE BASEBAND DCTPSK SIGNALS-
c
¢ SUBROUTINES USED: COS4, SHAPE}, DUZ

C‘-""“.""---".-"“““-“--“.‘-.“...'..“...1--....

SUBROUTINE DCTPSK(AR,ALDIQ) i
C..‘ti-"-Q.I-ttllt--i"C‘OUOI“iiltttittii‘!1‘1.1‘-1"..tut
COMMON LDIM PLIPFNSYM
DIMENSION AR(1),AI{1)
INTEGER 11(1),1Q(1)
IPFT2=1PF*2
NSYMO2=NSYM /2 .
DO 3 I=1,IPFT2 »
-AR(D)=I1(1) '
3 .. AID=IQ(1)

DO 4 K=2NSYMO?2
ISTI=0
ISTQ=0
IBOTH=0
IF(I(K).NEII(K:1))ISTI=1
IF(IQ(K).NE.IQ(K-1))ISTQ=1
-IF(ISTL.EQ.1.AND.ISTQ.EQ.1)IBOTH=1
IF(IBOTH.EQ.1)CALL COS4(AR,ALILIQ.K)
IF(ISTL.EQ.1.AND.ISTQ.EQ.0)CALL SHAPE1(AR,ALILIQK)
IF(ISTL.EQ.0.AND.ISTQ.EQ.1)CALL SHAPE1(ALAR,IQ,ILK)
IF(ISTL.EQ.0.AND.ISTQ.EQ.0)CALL DUZ(AR,ALILIQ,K)
4 CONTINUE

RETURN

" END

CETEI TR LR E R TR PRI TP R LR LR RN R RA LA 22 L B bl yt )
C

SUBROUTINE COS34(AR,AILILIQ,K)

C."‘".-.'.--“.-‘-...'.“l"-'-“.."..--'--......-...-‘?.‘.
COMMON LDIM,PLIPF NSYM
DIMENSION AR(1),AI(1)
INTEGER II(1),1Q(1)
IPFT2=IPF*z
NSYMO2=NSYM/2
IPO4=IPFT2/4
IPO4R1=IPO4+1 — )
[POATS=IPO4"3 . '
IP43P1=IPOAT3+1
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FIPT2=I1PFT2
DO 1 I=1IPC4
AR{(K-1)*IPFT2+1)=11(K 1) . ’
1 CONTINUE
DO 2 [=IPO4P1,IPFT2
TI=I-IPO4P1
X1=COS(PI*TI/FLOAT(IPO4TS))
AR({K-1)*IPFT2+D}=1I{K-1)*X1
2 CONTINUE
DO 3 1=IP43P1,IFFT2
AI{{K-1)*IPFT2+1)=1Q{K) T
3 CONTINUE . . . P
" DO 4 [=1,]JPO4T3
TI=l-1 P
X1=COS{PI*TI/FLOAT(IPO4T3))
AI{(K-1)*IPFT2+1)=1Q(K-1)"X1 :
4 CONTINUE 2 ’
' RETURN
END

C"11..‘.“‘..“.'.'.-'..'“--‘"-‘-‘..‘-.‘.““.I“'*D-"“'.

SUBROUTINE SHAPEL(X,Y MV MCK)
C..--'.‘-‘l“’il;‘..““....“““"'.-“‘---‘.liltiilﬂiit--t‘
. COMMON LDIM,PIIPF,NSYM
“ DIMENSION X(1),Y(1)
. INTEGER MV(1),MC(1)
IPFT2={PF*2 "
FIPT2=1PFT2
DO 1 I=1IPFT2
Fi=I-1
X((K-1)"IPFT2+[)=MV{K-1)*COS(P!*FI/FIPT2)
Y((K-1)*IPFT2+1)=MC(K)
1 GONTINUE
RETURN i -
END

CUI.-“'.i"-i.-l"l“l"lIII“...-.-..“‘.““-.“l""."'--

SUBROUTINE DUZ(AR,ALILIQK)
C!ttl'.O.‘i;..t...t.'!.‘-.tittt.ti‘.‘.‘.‘l"ill"!'t.‘i“-U‘--
COMMON LDIM PIIFF NSYM
DIMENSION AR(1),AI(1)
INTEGER 1I{1),1Q(1)
IPFT2=1PF*2
DO 1 I=1,IPFT2
AR((K-1)*IPFT2+1)=I(K)
1 Al((K-1)*IPFT2+1)=IQ{K)
RETURN :
END
C‘.‘t‘1'll.‘“..11....“‘.--..-‘..‘
SUBROUTINE TXOQP(SIGNAL,AR,ALIORLILIQ IID,IQD)
COMMON LDIM,PI,IPF,NSYM o
COMPLEX SIGNAL(1)
DIMENSION AR(1),Al{1)
INTEGER IORI{1),11{1),1Q(1),ID{1),IQD(1) .
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»  NSOZP1=NSYM/2+1

NSYMP2=NSYM+32 * '

C 1

¢ .SERIAL TO PARALLEL CONVERSION »

c .

_° CALL SEPA(IORLILIQ,NSYMP2)

c

C  DIFFERENTIALLY ENCODE EACH QUADRATURE CHANNEL

c o
CALL DENCOD(ILIID,NSO2P1)

- CALL DENCOD(IQ,IQD,NSO2P1)

C “‘--.‘-..--.'!.’-.‘.-.‘..".“““--‘.-‘.

c . GENERATE THE BASEBAND SIGNALS

C ‘."="'..“.'--..“““‘-.....“...‘."‘-.

CALL OQPS(AR,ALID,IQD)

CALL COMP(SIGNAL,AR,ALLDIM)

RETURN - '

END : e

c---.-tnooutn--tt-tn-------u-;'uumn-mn-ut-iaaa--:u-----c

SUBROUTINE OQP3(AR,ALIID,IQD) .

* C.l‘.-."."-"‘...“.-.‘i‘f.‘.."'-‘--.-“.“...il.’-..‘.“
COMMON LDIM PLIPF NSYM
DIMENSION AR(1),AI(1) ‘
INTESER 1ID(1},1QD(1)
NSO2P1=NSYM/2+1
1IPFT2=IPF*2
DO 22 J=1NS02P1 '
DO. 22 I=1IP¥T2
J1=(J-1)*"IPFT2+I
FI1=J1-1
AR(J1)=1ID{J)

22 Al{J1)=1QD(J)
DO 23 I=1LDIM

23 AR(I)=AR(IPF+I}
RETURN ~
END.

-

RECEIVER SUBROUTINES-

oo aaa

C T P A LRI R I R T AR I E T R TR R L A DU AR L AL R A AR A AL A Ll

C THIS SUBR. D-IFFERENT[ALLY DEéODES THE RECEIVED BPSK SIGNAL

Ct..b-'.."--.--.ﬁ-‘.....‘.."“-"‘“.i‘..'.“““-“-'----‘

SUBROUTINE RXDBPS(SIGNAL,SIG1LIIIE D1LISAMPO)
C‘.--.i“.‘..il.:‘:?:.‘i".-.‘.'i““‘-“..“..‘.‘ili..‘t'i!t.!

COMMON LDIM,P1,IPF,NSYM

GOMPLEX SIGNAL(1),8IG11{1)

DIMENSION DI1i(1)

INTEGER II{1),IE(1)

NSYMM1=N3YM-1

IPFP1=IPF+1
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ISAMPO=IPF +2 ’ .
DO 112 1=IPFP1,LDIM , _
112 SIG1KD)=SIGNAL{I)*CONIG(SIGNAL(I-IPF))
662 CALL REIMN(SIG1I,D11LDIM) . '

DO 160 J=2,NSYMMI
DO 160 I=1,ISAMPO
J1=(1-1)*1PF +1
D&:-l
IF(D11{J1).GT.0.0)IX=1
160 IF(IX.NE.II(J)E(N)=IE(I)+1
RETURN
END
C.‘t‘.t-..rt‘t.&.ﬂ“‘l.--‘-!.'..‘...'..'..-aI.."‘““Q'.--li-
C THIS SUBR. PERFORMS THE DIFFERENTIAL DECODING OF QPSK
C OR DCTPSK SIGNALS.
C SUBR. USED: YARQPS, SH45, SHM45, DELMUL, REIMN
CI!.-t“‘i".‘.‘0-l‘-t.t‘!.““....“‘.....‘.'1--';--".‘!‘..‘
SUBROUTINE RXDQPS(SIGNAL,SAMSIG,ILIQ,IE,B11,B1Q,D1LDIQ,
781G11,31G1Q,ISAMPO) .
C.tt..--‘i...'.‘l"l‘."““.".!..‘i‘l‘ll..l‘ll.'!l!..“‘--'l ’
COMMON LDIM,PLIPF,NSYM
COMPLEX SIGNAL(1),8AMSIG{1},B11(1),B1Q(1)
COMPLEX SIG11(1),81G1Q(1)
DIMENSION_D11{1),D1Q{1)
INTEGER Ii(}),1Q(1),1E(1)
NSYMO2=NSYM/2 .o
IPFT2=1PF*2
ISAMPO=IPFT2+2
CALL SH45(SIGNAL,B1I,LDIM)
CALL DELMUL(SIG1I,SIGNAL,BILIPFT2,LDIM)
CALL REIMN(S1G11,D11,LDIM) v

{

CALL SHM45(SIGNAL,B1Q,LDIM)
CALL DELMUL(SIG1Q,SIGNAL,B1QIPFTZLDIM) *
CALL REIMN(81G1Q,D1Q,LDIM)

CALL YARQPS(D1I,D1Q,IEILIQ)

RETURN
END

CO"‘l‘.-.‘.l"‘I-‘-l‘.-.‘.‘...-‘..‘i“."."".-‘--.l------i

SUBROUTINE YARQPS(D1L,D1Q,IE,I,IQ)
c“"..‘.-..-."“..-."“'.'.'.-'-‘.‘-'-‘.‘-“i-‘-"t‘....

COMMON’ LDIM,P1IPF,NSYM

DIMENSION D1I(1),D1Q(1) .

INTEGER 11{1),1Q(2).IE(2)

IPFT2=IPF*2 \,
NSO2=NSYM/2 /
NSO2M1=NS02-1
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ISAMPO=IPFT242

DO 180 J=2,NSO3M1 .
DO 180 I=1,ISAMPO
I1=(3-1)*IPFT2+I

IX=-1

IY=-1

IF(D11{J1).GT.0.0)IX=1 -
IF(D1Q(JI1).GT.0.0)IY=1
IF(IX.NEI{D)IE(I}=IE([}+1

180 IF{IY.NE.IQ(I)IE(1)=IE{I)+1 »
RETURN

END '

CU-"'iit‘lninttiti!lUi'l"l'.'l‘000“‘-!“--‘-"itﬁiiilitttilit’

SUBROUTINE SH45(SIGNAL,B,LDIM)
C'ii“-..""‘....-‘..‘-"“‘-."“.-I."‘.“I.Ii."“..i“..-".l
'C SHIFT + 45 DEGREES

' COMPLEX SIGNAL(1),B(1)

$Q2=1.0/SQRT(2.0)

DO}l I=1,LDIM -
1 B(1)=SIGNAL(1)* CMPLX({8Q2,5Q2)
RETURN '
END

C‘.l"."‘.-.“---““‘-‘.'.“.“.--.-“‘.."...‘““l..“.‘.‘i“

SUBROUTINE SHMA45(SIGNAL,B,LDIM)
B C..!-‘.‘..-t‘-‘-...“‘i‘.““‘i‘.“‘I"-l‘l‘.“".'-li-..‘-“-‘.‘
C  SHIFT -46 DEGREES
COMPLEX SIGNAL(1),B(1)
$Q2=1.0/SQRT(2.0)
DO 1 I=1LDIM
1 B(I)=SIGNAL(I)*CMPLX(5Q2,-5Q2)
RETURN -
END
C'..."“..‘..“‘..““-‘-“.-....f.‘....--.'-'l..‘1.-.......-..
. SUBROUTINE REIMN(SIGNAL,AR,LDIM)’
COMPLEX SIGNAL(1) .
DIMENSION AR(1)
DO 1 I=1LDIM
1 AR()=REAL(SIGNAL(I))
RETURN - - .
END

c.......-"'I-.'.“...“..‘1‘.“‘l-‘ﬂ‘..-lt'.t.U.-....l“‘.“.“

C MULTIPLIES THE SIGNAL WITH A DELAYED VERSION OF ITSELF

Ci!n“-tt“n--i-.-l‘,...'...-.“itt.!t“"-‘--l---"-""'t.t..“

SUBROUTINE DELMUL(A,B,C IDEL,LDIM)
COMPLEX A(1),B(1),C(1)
ID1=IDEL+1
DO 1 I=ID1,LDIM
1 A{l)=B(I)*CONJG(C(I-IDEL))
RETURN
END
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C‘l'--."l“‘.--‘-.....-...“"‘!.l‘-"l"!.“"'t"“‘.“!l'.

THIS SUBR. SETS THE TRANSMIT AND RECEIVE FILTERS TO RAISED COSINE

C

C WITH ALPHA=! (WITH EQUAL SPLITTING PLUS AMPLITUDE EQUALIZER).
c } -

C CALLS SUBROUTINE RCOSFA

SUBROUTINE SETFI(F1,F2) ~
COMPLEX F1(1),F2(1),F3(1)"
CALL RCOSFA(0.5,F1,1.0,1,1)
CALL RCOSFA{0.5,F2,1.0,1,0)
RETURN

END

C.l-‘.“‘.l...‘..‘.‘---l“--"‘.i..‘.“'..“.‘--.“-“i“

SUBROUTINE SHS0(SIGNAL,B,LDIM)
C."..“l‘h'.--.-U,Ci...tit“.“..t"'-i-—."t'..t!t‘-.."
COMPLEX SIGNAL(1),B{(1)
DO 1 [=1LDIM
1 B(I)=SIGNAL([)*CMPLX(0.0,1.0) .
RETURN
" END

C.‘ll.“"--...-...‘...".-“-““-.‘i.‘.‘.“‘l....O““.

SUBROUTINE SEPA(IORIILIQ,NSYM)
c‘."‘...I-Ii‘.-.‘-‘...“."‘...‘I..l'---i-.“"‘.t“.‘l.
INTEGER IORI(1),11{1),1Q(1)
‘NSYMO2=NSYM/2 .
DO 2 I=1,NSYMO2 7
1(1)=10RI(2*1-1)
7 1Q()=IORI(2*])
RETURN
END
C“-'---“‘-l.'........t..-““"..“‘_-'l--‘-'.‘.i--ii..-..-.‘
SUBROUTINE RXOQPS(SIGNAL,B2,AR,Al THETA, THETAZ
€ RECEIVER FOR OQPSK
COMMON LDIM,PLIPF,NSYM
COMPLEX SIGNAL(1),B2(1) ' ?
INTEGER IORI(1) *
DIMENSION AR(1),AI{1),THETA(1), THETA2(1)
NSYMO2=NSYM/2
. IPFT2=1PF*2
IPFP1=IPF+1
ISAMPO=IPF+2
DO 647 I=1PFP1,LDIM
647 B2(I)=SIGNAL(l)*CONJIG(SIGNAL(I-IPF)}
CALL REIM(B2,AR,AILLDIM}
CALL TANABS(AR,AI,THETA LDIM,PI)
DO 142 I=1LDIMM
142 THETAZ2(I)=THETA({)*180.0/PI
CALL YAROQP(THETAZ2,IORIIE,TH)
RETURN
END

cto..l..‘l‘..:—.iy LRSI R R YRR R R R RN LA L L LD AL L b))l

*C THIS SUBROUTINE DECODES DIFFERENTIAL OQPSK

c‘l"“‘-"‘-'...‘---..‘C‘-.-.“-...-‘_.-.'..““....U.-"“ﬁ.

r

- —

180 e
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. ST )
SUBROUTINE YAROQP(THETA2,IPNI,IE,TH) '
COMMON LDIM,PIIPF,NSYM
INTEGER IPNI(1},IPNQ(1),IE(1) .
DIMENSION THETA2(1) '
NSYMM1=NSYM-3 )
ISAMPG=1PF+2 ' : : ‘
DO 110 J=2,NSYMM1 '
DO 100 K=1,ISAMPO
3=(J- 1)‘IPF+K
IX=1
IF(THETA2({J1).GT.TH)IX=-1
IF(IX.NE.IPNI(J+1)) IE(K)=IE(K)+1
,100 CONTINUE . ;
110 CONTINUE
RETURN .
END

c'l'l.i.‘I.iii“‘--..“‘ii““.-.!"--“‘--‘-i-“‘i-i.‘..."‘

c FIND THE BEST SAMPLING. INSTANT
C‘U‘i.“".tttt.tlllIl'"I...i"!‘."-‘-ti“.!it‘l-..‘ll“l“‘..
’ SUBROUTINE_SAMTIM(IE ISAMPO NERROR)
INTEGER [E{1)
NERROR=10000
DO 828<1=1,ISAMPO
IF(IE(1).LE.NERROR)NERROR=IE(I)
823 CONTINUE

KETURN
END - .7 .
C‘|lIIIt‘-i‘-‘it-tl‘ttl"‘"-t’tt!iini.“'.‘t.t!"'--‘-‘!!‘i.---- L]

SUBROUTINE, DENCOD{IEIID,NSYM) .
ct!IO.!I'Il‘q!'!-"I..I""U..'t.i‘iiiv!t-..‘-‘.00“‘.“'!!-.--
DIMENSION II{1}),IID(1}
IID(1)=I1(1) |
DO 3 I=2,NSYM
2 IID (1)=1ID(1-1)*11(1) ) >
RETURN . Q{é
END

CU.--.“".‘.-‘f‘-‘...‘..“!"""."‘.“““.l-.t‘.‘llﬁ‘l.t

SUBROUTINE TANABS{AR,Al, THETA LDIM,PI)
c‘.-"It.‘---...--.-“......ttll“l-l‘.‘::"_:_t_it"-llb"ull--U--i.
——DIMENSION AR(1),AI(1),THETA(1)
DO 1 I=1,LDIM
1I¥(AR(1).EQ.0.0)AR(1)=0.00001
YY=ABS({AI(I)/AR(I)})
THETA(I)=ATAN(YY)
1 CONTINUE
RETURN w w
END 5

I»f'

C--‘t..“.“-.‘.“"IO?".‘.“.““I.“

SUBROUTINE ACGEN(S1G1,81G2,TXF JICOD ITXFLIHLIM,L IFCN1IFCNZ,ATT

C.‘.‘.‘...II'-‘.!l"---‘.'-“-‘--.'.-‘til.‘-titl [LARIELEL Y]
COMMON LDIM,PIIPF,NSYM
DIMENSION AR1(2048),AR2(2048),A11(2048),A12(2048)
1
]
¢

s

s
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INTEGER J11(514},JQ2(514)

COMPLEX SIG1(1),31G2(1), TXF(1)

INTEGER [Q1(514},112(514),1Q2(514),111(514), LWK(15)

INTEGER 1ID1(514),IQD1(514),IORI}(514)

INTEGER IID2(514),I1QD2(514),I0RI2(514)

NSY2=NSYM*2

NSY2P2=NSY2+2

{DUM1=4 .

IDUM2=17- .
_INOBIT=514 ‘

NSYMP2=NSYM+2

CALL PRBS(JI1,16,1,15 INOBIT) -
CALL DATA(JI1,IORI1,NSYMP2 IDUMI)

IF(ICOD.EQ.1) CALL DBPSK(IORI1 SIG1,ARLAILIID])

i

IF(ICOD.EQ.2)CALL . TXOQP(SIGL,AR2 Al IORIL II1IQ1IIDLIQD 1}

IF{ICOD.EQ.3.0R.ICOD.EQ.4)CALL TXQPSK(IORILI1,IQLSIGLARLAIL
711D1,1QD1,1COD)

CALL PRBS(1Q2,15,1,15,INOBIT)
CALL DATA(JQ2,IORI2,NSYMP2,IDUM2)

IF(ICOD.EQ.1) CALL DBPSK(IORIz,SIG?.ARZ,AH,IEDZ)

=

IF(ICOD.EQ.2)CALL TXOQP(SIG2,AR2,AI2IORIZ 112,1Q2,1ID2,IQD2)

IF((con.Eq.ggﬁ.ld@n.mq.qcux. TXQPSK(IORIZ,112,1Q2,SIG2,AR2,Al2,
71ID2,1QD2,ICOD)
PASS THE SIGNAL THROUGH THE TRANSMIT FILTER

IF(ITXFLEQ.1)CALL FILTER(SIG1,TXF,LDIM,L}
IF(ITXFLEQ.1)CALL FILTER(SIGZ,TXF,LDIM,L)
IF(IHLIM.EQ.1)JCALL HLIM(SIG1,LDIM)
iF(IHLTM.EQ.1)CALL HLIM(S1G2,LDIM)
CALL FFT2C(SIG1,L,LWK)
CALL FFT2C(SIG2,L,LWK)

ROTATE
CALL ROTATE(SIG1,LDIM,IFCN1)
CALL ROTATE(SIG2,LDIM,IFCN2)

CALL INVERS(SIG1,LDIM,L)
CALL INVERS(SIG2,LDIM,L)
DO 172 I=1,LDIM
SIGZ(I)=ATT*s!G2(1)

2 SIE(N)=ATT*SIG1(])
RETURN
END
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"

C LAAL LY L YT RLEL LT LLET AL I Rl il LYy

SUBROUTINE ROTATE(SIG,LDIM,IRO)
_ COMPLEX 'SIG(1),XX,YY
DO 1 K=11IRO
. XX=SIG(1)

SIG(1)=S8IG(LDIM)

DO 2 I=2TCDIM

YY=8IG(I)

IG(I)=XX
2 XX=YY
1 CONTINUE

RETURN i3 .

END' -
C“UI"““‘.-“.‘-.--‘--‘.‘..‘*...“-‘.O.-..-‘l"‘-.“.‘....“
¢  THE FOLLOWING SUBROUTINE PERFORMS THE INVERSE FFT
C  PROCESS ON THE DATA SEQUENCE.
C!.-1"‘.‘"‘“'"‘.‘.‘.-...“‘.‘."‘:"“.."‘l"“"-'lll .

SUBROUTINE INVERS(SIGNAL,LDIM,L)

COMPLEX SIGNAL(1)

DIMENSION IWK(15)

DO 1 I=1,LDIM

1 SIGNAL{I)=CONJG(SIGNAL(I))
CALL FFT2C(SIGNAL L,IWK)
DO 2 I=1,LDIM.
2 SIGNAL(I)=CONJG{SIGNAL{I))/FLOAT(LDIM} .
RETURN
END
Co.titnt.“t‘ill'lI“!I'!'.OO‘I.'I‘“I!"
SUBROUTINE ACGI(SIGNAL,SIG1,51G2)
COMMON LDIM,PLIPF,NSYM
. COMPLEX SIG1(1),51G2(1),SIGNAL(1) XX
DO 529 I=1LDIM
XX=SIGNAL(I)
529 SIGNAL(I)=SIGNAL{1)+SIG1(I)+5IG2(I)
RETURN
END

4
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OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOG

wnméw ON FEBRUARY 9 1986 BY ABBAS YONGACOGLU
THIS PROGRAM IS USED FOR EVALUATING THE BER PERFORMANCE OF
DQPSK AND DCTPSK WITH VARIOUS RECEIVERS.
THESE RECEIVERS USE:
1) CONVENTIONAL DECODER$
2) NONREDUNDANT ERROR CORRECTION DECODER

3) GOMBINING WITH FEEDBACK DECCDER
4) A 4-STATE SEQUENTIAL DECODER.

THE SIMULATION IS IN BASEBAND.

THE SUBROUTINES USED IN THIS PROGRAM A.RE :
+** 1) IMSL weu
FFT2C GGNML
*** 2) SHARED WITH CTHER PROGRAMS
ENERGY FILT  FILTER PRBS. RCOSFA REIM
COMP CHOFIL DATA REIMN RDRCOS RDBWG SETFI
SH45 SHM46 DCTPSK STAY REV POS0 NEw CONJUG
w*"* 3} SPECIFIC TO THIS PROGRAM ***

»
SEC CWF SEQUEN MAP

-

A b

TO SPEED UP THE COMPUTATIONS, ONLY EVERY IPF/2 SAMPLE IS USED.

ICODE=0 QPSK
=1 CTPSK

IPF = NUMBER OF SAMPLES PER SYMBOL

SIGNAL— (LDIM) TX AND RX SIGNAL

TXF,PREFI— CONTAIN FILTER COEFF.

ARAI—  REAL AND IMAGINARY PARTS OF SIGNAL

SAMSIM — (NSYM) CONTAINS THE SAMPLED VALUES OF RX'D SIGNAL

DOUBLE PRECISION DSEED .
COMMON LDIM PLIPF NSYM
COMMON /PARA /NO1,NO2,SYMRAT,SBANDW

134



COMMON/IOPUT/ITTLITTO,LPT

COMPLEX SIGNAL(2048),TXF(2048),PREFI{2048)
COMPLEX SAMSIG(256) ’

COMPLEX 81G1I(268),51G1Q(256),B11(266),B1Q(2656)
DIMENSION AR(2200),A1(2200},DUM(2200)

COMPLEX S1G21(256),51G2Q(266)

DIMENSION P1(2566),PM1(256),QM1(256),X1(256),XM1(2568)
INTEGER IX1(512),IXM1(512),IV1(256) _

INTEGER 1I(256),1Q(268),11D(256),1QD(258)

INTEGER JAI(29000),JAQ(20000),IB(256),1B2(256),1CO(2586)
INTEGER ISEC(268),111(256),1Q1(256),IPR{256),ICOPR(256)
INTEGER I12(256),1Q2(268),IED(256),13(256),1T(256},IIND(256)
DIMENSION. Q11(256),D1Q(256)

DIMENSION D2I(266),D2Q(256)

INTTER KDEC(256),MD(256)

c

C INITIALIZE
ITTI=7
ITTO=7 _
LPT=6

C DSEED=748943D0
DSEED=467238D0
PI=3.1415526853589793

ct-qn‘.iiuntt.tt--t
IPF=8

. NSYM=256

L=11

ctnn (AL LI RT T L LR ] )

- NP=2*"L

IPFT2=IPF*2
NSYMP1=NSYM+1
NSYMM1=NSYM-1
NSYMM2=NSYM-2 . -
NSY2=NSYM"2
WRITE(8,100)IPF
INC=8
IPF1=IPF+1
LDIM=NSYM*IPF
IF(LDIM.NE.NP)WRITE(6,654)
SYMRAT=1.0
SBANDW=IPF*SYMRAT
NO=LDIM/2
NO1=NO+1
NO2=NC1+1
ITER=0

START FOR EACH NEW RUN

oaaa

1111 ITER=ITER+1
IDUM=148
c
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WRITE(7,800)
800 FORMAT('DQPSK =0, DCTPSK =1')
READ(7,6001)ICODE
WRITE(7,6010)
READ(7,6004)JRUN
IF(JRUN.LE.50)GOTO 210
WRITE(7,7001) .
READ(7,6004)JRUN
210 CONTINUE

INOBIT=28000
IERCOM=0
I3YBEF=0
ISYSEC=0
IESEQ1=0
IESEQ2=0

WRITE(7,6003) .
REAN{7,8004)DB

DBR=DB/10.0

EBIN=1.0

PNOIN=1.0/({2.0)*(10.0* *DBR))*IPF

GENERATE PRBS FOR 1 AND Q SEPARATELY

aagaaqa

CALL PRBS(JAI,15,1,16,INOBIT)
CALL PRBS(JAQ,22,1,22,INOBIT)

CHOOSING THE FILTERS

a0 a G

WRITE(ITTO,7006)
7006 FORMAT('VARIABLE FILTER PARAMETERS PRESS 1')

READ({ITTI,6001)IVARFI1

IF(IVARF1.EQ.1)GOTO 360
ITXFI=1
CALL SETFI(TXF,PREFI)
GOTO 960 -

o

C TX FILTER

o

360 WRITE(ITTO,8100)
READ(ITTI,6001)ITXFI
IF(ITXFLNE.1)WRITE(LPT,8109)
IF(ITXFI.EQ.1)CALL CHOFIL{TXF,1)

G . ~

C PREMOD FILTER

C

550 WRITE(ITTO,5100)

READ{ITTI,6001)IPREF1
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. %,
IF(IPRJE‘.FI.NE:.1)wn.rrz:(LP'r,9103x
IF(IPREFLEQ.1)CALL CHOFIL(PREF1,2)

950 WRITE(ITTO,8201)
8201 FORMAT{'DO YOU WANT A HARDLIMITER *YES=1')
READ(ITTI,6001)IHLIM

ISTART=1

1900 I1CHE=JRUN*INC+NSYM+IDUM
IF(INOBIT.LE.ICHE) WRITE(8,689)
IF(INOBIT.LE.ICHE)STOP
ISYMT=(NSYM-2)*2*JRUN

c
c ) )
C START OF EACH ITERATION
c
c
DO 888 KRUN=ISTART JRUN
WRITE(7,3300)KRUN
o -
C GENERATE THE DATA
CALL DATA{JALII,NSYM,IDUM)
CALL DATA(JAQ,IQNSYM,IDUM)
c r »
C EXPRESS INPUT DATA AS 4 DISTINCT PHASES
o .
CALL MAP(IL!Q,IT)
c
c - ‘ T
C  DIFFERENTIALLY ENCODE THE DATA
C

[(1)=1
1Q(1)=1
1D{1)=1I(1)
1QD(1)=1Q(1) -
DO 2000 I=2 N3YM-
IF(II(I).EQ.1L.AND.IQ(I). EQ.1)CALL STAY{IID,QDI) _
IF(11(1).EQ.1.AND.IQ(I}.EQ.-1)CALL PC90(IID,IQD,I)
IF(1I(I).EQ.-1.AND.IQ(I}.EQ.1)CALL NE%0(IID,IQD.!}
IF(11(1). EQ.-1.AND.IQ(I).EQ.-1)CALL REV(IID,!QD ]}

2000 CONTINUE ’

C  DETERMINE INITIAL PHASE CHANGE (FOR PRED AND COMBINING)
C -
IF(11{2).EQ.1.AND.IQ(2).EQ.1)MINT=0
IF(11(2).EQ.-1.AND.1Q(2).EQ.-1)MINI=2

IF(I1(2).EQ.1.AND.1Q(2).EQ.-1)MINI=1 - .

IF(11(2).EQ.-1.AND.IQ(2).EQ.1)MINI=3 ‘
C ! LT PR T PP I T RR LIRS R LR R L LR DL AL LY ) ’
c GENERATE THE BASEBAND SIGNALS
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C YL ITTITETI TP ISR LE LR AL L AL LA L LA L L)

IF(ICODE.EQ.1)CALL DCTPSK(AR,ALID,IQD)
IF(ICODE.EQ.0)CALL QPSK(AR,ALIID,IQD)

CALL COMP(SIGNAL,AR,AILDIM) N
C v
C TX FILTER

C : .
IF(ITXFL.EQ.1)CALL FILTER(SIGNAL,TXF,LDIM,L) j

c
c HARDLIMITER
C .
IF(IHLIM.EQ.1)CALL HLIM(SIGNAL,LDIM)
c
C +
CALL ENERGY(SIGNALEB)
IF(XRUN.EQ.L)WRITE(§;258)EB
c
c
c GENERATE AND SCALE THE NOISE
c 7
c
‘CALL GGNML(DSEED,LDIM,DUM)
PNO=PNOIN*EB
c

DO 53 I=1LDIM
53 DUM(I)=DUM(I)*SQRT(PN0Q)

'C XX TR ITLL Y )
c ADD NOISE
C XX IR RS LLLR T}
DO 63 I=1,LDIM .
63  SIGNAL(1)=8IGNAL(I}+CMPLX (DUM(IJ,DUM(LDIM+1-I))
c
¢ PREMOD FILTERING
. s —-
c
IF(IPREFLEQ.1)CALL FILTER(SIGNAL PREFILDIM,L)
c
C !lli-..“.-‘...‘..‘..‘.““.."‘Q-t‘.‘.‘.“.
c DECODING
C v.‘0‘.'."-‘--'..-""-.l.‘.“““‘--.‘.‘."‘“'
MK=IPF/2 .
IF(ICODE.EQ.1)MK=MK+IPF/2+1
c .
C SAMPLE THE RECEIVED SIGNAL
o ‘

DO 4565 [=1,NSYMM1 - -
M=(1-1)*IPF+MK
SAMSIG (I)=SIGNAL(M)

4555 CONTINUE

c
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o000

o}

aaoanoacaoaaagaan

180

aaaq

aaoaaaaqQ

aQaoann

1-SYMBOL DELAYED PATH

CALL SH45(SAMS]IG,B1I,NSYM)
CALL CONJUG(SIG1L,SAMSIG,B1I,1,NSYM)
CALL REIMN(SIG1I,D1I,NSYM)

CALL SHM45(SAMSIG,B1Q,NSYM)
CALL CONJUG(SIG1Q,SAMSIG,B1Q,1,NSYM)
CALL R.EIMN(S}GIQ.DJ.Q,NSYM)

ELTI R LA L LYY ] 2 SYMBOL DEL&YED ""'il"‘"--“‘..

CALL CONJUG(SIG2{,5AMSIG,B1I,2,NSYM)
CALL REIMN(SIG2{D2INSYM)
CALL comuc(smzq._shmsgc;.mq.z.ﬂsym)
CALL REIMN(S1G2Q,D2Q,NSYM}

DETERMINE THE POLARITY OF THE

I AND Q CHANNEL RECEIVED SIGNALS

1-BIT OUTPUTS ARE USED I)N CONVENTIONAL DETECTOR

1 AND 2-BIT OUTPUTS ARE USED IN SEC B

DO 180 I=3,NSYMMI1
H1(1)=-1

1Q1(I)=-1

nz(1)=-1

1Q2{I)=-1
IF(D2I(I).GT.0.0)12(I)=1
IF{D2Q(1).GT.0.0)IQ2(I}=1—
IF(D1I{I).GT.0.0)lI1{T)=1
IF(D1Q(1).GT.0.0)IQ1(I)=1

MAP [ AND Q CHANNEL BITS TO 4 DISTINCT PHASES
- d

CALL MAP(II1,1Q1,IB)

!

i

APPLY SINGLE ERROR CORRECTION (I.E., NONREDUNDANT
ERROR CORRECTION)

CALL SEC(I12,1Q2,IB,[B2,I8,IED,ISEC)

APPLY COMBINING WITH FEEDBACK

189
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c

c
Cc

+
CALL CWF(D11,D1Q,D21,D2Q,MINILICO,0)

§ ‘ :

C--t'-‘.‘l.‘...."-...'!*.“.“.-t‘i"..“.‘.‘

c
c

4 STATE SEQUENTIAL DECODER

CUl.....‘.""“"l‘-‘-"‘“.‘i!it..“‘.‘t..‘!

c

c77

ogoaaon

542

’

CALL SEQUEN(D11,01Q,D21,02Q, KDEC,MD)
FORMAT(9]

.

.

e .
COUNT THE ERRORS s

NSH=NSYMM2-3

DO 542 I=5NSH
IF(KDEC(1).NE.IT(1))IESEQ2=IESEQ2+1
IF(MD(1+1).NE.IT()) I[ESEQ1=IESEQL+1
IF(IT(I).NE.IB(I))ISYBEF=ISYBEF+1
IF(IT(1).NE.ISEC(1))ISYSEC=ISYSEC+1
IF(IT(1).NEICO(1)}IERCOM=IERCOM +1
CONTINUE

WRITE(7,3613)ISYBEF ISYSEC,[JERCOM

3613 FORMAT('ISYBEF ='[4,3X/ISYSEC ='I4,3X, 'IERCOM =' I-i)

623

888

Q00

WRITE(7,623)IESEQ1,IESEQ2

FORMAT('IESEQ1= 'I4,10X,'[ESEQ2 = ']l4)
IDUM=IDUM+INC ) *
CONTINUE

FNSYM=FLOAT(NSH-4)*2.0°JRUN
BERBEF=FLOAT(ISYBEF)/FNSYM
BERCOM=FLOAT(IERCOM)/FNSYM
BERSEC=FLOAT(ISYSEC)/FNSYM

_ BERSQI=FLOAT{IESEQ1)/FNSYM
BERSQ2=FLOAT(IESEQ2)/FNSYM

WRITE(7,1400)BERBEF, BERCOM,BERSEC, BERSQ1 BERSQ?
WRITE(6,1400)BERBEF,BERCOM,BERSEC,BERSQ!,BERSQ2

.

1400 FORMAT('BERBEF ='F10.6 /,'BERCOM ='F10.8,/BERSEC =’ JF10.6,/,

C

7"'BERSQ1 ='F10.6,/,'BERSQ2 ='F10.6)

WRITE(7,712)DB
WRITE(7,6008) ‘ .
READ(7,6001)ICONT ) -
IF(ICONT.NE.1}GO TO 369 -
WRITE(7,8202) ]
READ(7,6004)IINC , am -
IF{(IINC.LE.50)GOTO 211
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WRITE({7,7001) . _ '
READ(7,6004)IINC
211  ISTART=1+JRUN
JRUN=JRUN+IINC
GO TO 1500
369 WRITE(ITTO,7005) ’ -
7006 FORMAT('FOR A NEW RUN PRESS 1')
READ(ITTI,6001}NEWRUN
IF(NEWRUN.EQ.1)GOTO 1111
o]
C READ FORMATS
o .
8004 FORMAT(13)
8004 FORMAT(F10.4)
6021 FORMAT(I1,/,I1) /
6001 FORMAT(I1)

WRITE ON ITTI

WRITE ON LPT/ITTO

Qo0 aocdc

7001 FORMAT('IS IT A MISTAKE? TRY AGAIN')
6010 FORMAT{'NO OF RUNS=7 (I8)")
100 FORMAT(5X,'IPF=",14)
654 FORMAT(5X,'BOYUTLAR UYUMSUZ') .
6003 FORMAT(' DB= 7 (F10.4)')
8100 FORMAT('DO YOU WANT A TX FILTER ? (YES=1})')
8109 FORMAT({'NO TRANSMIT FILTERING")
9100 FORMAT('DO YOU WANT A PRE-MOD FILTER 7 (YES=1)')
9109 FORMAT{'NO PREMOD FILTERING’)
9200 FORMAT('DO YOU WANT A POSTMOD FILTER ? (YES=1)')
4109 FORMAT(’'NO POSMOD FILTERING')
6200 FORMAT(6X,'TX FILTER BANDWIDTH= 'F10.2)
6201 FORMAT(5X,'PRE-DET FILTER BANDWIDTH= 'F10.2}
5001 FORMAT('DO YOU WANT VARIABLE NO OF RUNS',//IF YES PRESS 1)
689 FORMAT(2X,'INCREASE INOBIT") ’
3300 FORMAT{6X,'KRUN=',14)
_ 258 FORMAT(10X,'ENERGY BEF MOD'F10.8}
366 FORMAT(2X,'I="155X,F10.4,56X,F10.4)
266 FORMAT(2X,'I=",15,5X ,F10.4,6X F10.4)
712 FORMAT{(10X,'DB="F10.4)
§005 FORMAT('DO YOU WANT TO CONTINUE 7,/,IF YES PRESS 1)
8202 FORMAT('NO OF RUNS’)
STOP
END »
C---II‘-'-‘."“"'t'i“‘.l.-i--i--tnii#‘--t“"tti"i-‘t..notnt
SUBROUTINE MAP(ILIQ,IB}
INTEGER II(1),IQ(1),IB(1)
COMMON LDIM PLIPF,NSYM n
DO 1 K=3,NSYM
IF(I{K).EQ.1.AND.IQ(K).EQ.1)IB(K)=0
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IF(I{K).EQ.1.AND.IQ(K).EQ.-1)IB{K)=1
IF(1I(K).EQ.-1.AND.IQ(K).EQ.1)IB(K)=3
1F({1(K).EQ.-1.AND.IQ(K).EQ.-1)IB(K)=2

1  CONTINUE
RETURN
END
C.'I..‘.“'.-"'“"..“..“‘...-.“-.‘."'.-
SUBROUTINE 1SDET(IS,1B,IB2,K)
INTEGER I5(1),IB(1),1B2(1)
1S(K)=IB(K)+IB(K-1)-IB2(K)
CALL MODA4(IS,K)
RETURN - )
END .
C.“I-.‘.-..“..‘.‘-...“..-.“--...“-"""-‘.'-‘..““‘-...
SUBROUTINE MOD4(IS,K)
INTEGER 18(1)
1F(1S(K).GE.4)IS(K)=1S(K)-4
IF(IS(K).LT.0)IS(K)=IS(K)+4
RETURN
END
Cl.l..“‘-..‘..‘."--'"l.."--"““-i.-“.ﬂ“'.‘*'
Q - Sy
SUBROUTINE CWF(DII,D1Q,D2I,D2Q,MmI'I:,IRI.KSE}

g“.'-.“‘-‘.--"T“....‘...“‘"‘..l'-‘--'-..“.-‘-
COMMON LDIM PIIPFNSYM ° N o
DIMENSION D1I(1),D1Q(1),D2I(1),D2Q(1) o
INTEGER IRI(1)
MINI=MINIT
NSYMMI=NSYM-1
PI2=PIf2.0
Pl4=Pl/4.0
DO 344 K=3 NSYMM1
NPHA=3

DO 244 I=13 ’ .
N1=NPHA . '

N2=I-1

ARG1=N1"PI2-PI4
ARG2=N2'PI2-P14
ARGT=PI2*(N1+MINI) .
ARG8=PI2*(N2+MINI)
ARG3=(N1+MINI)*PI2-Pl4
ARG4={N2+MINI)*PI2-PI4
T1=DH(K)*{COS(ARG1)-COS(ARG2Z))
T2=D1Q(K)*(SIN(ARG2)-SIN(ARG1))
T3=D2I(K)*(COS(ARG3)-COS{ARG4))
T4=D2Q(K)*(SIN[ARG4)-3IN(ARGS))

c .
T5=2.0"DII{K)*(COS(ARG1)-COS(ARG2))
T8=2.0*D1G(K)*(SIN(ARG1)-SIN(ARG2))
T7=(D1Q(K)*D1Q(K-1)-D11(K)*D1I(K-1))*(SIN(ARGS)-SIN{ARGT))
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T8=(D1Q(K)*D1I(K-1)+D11(K)*D1Q(K-1))* (COS{ARG7)-COS(ARGS))
NPHA=N1
QUO=T14T2+T3+T4
C  QUO=TS+T4
QU1=T5-T8+T7+T8
QU2=QU0+QU1
QUAN=QU0 .
IF(KSE.EQ.1)QUAN=QU1
IF(KSE.EQ.2)QUAN=QU2
IF(QUAN.LT.0.0)NPHA=N2

C  WRITE(7,392)NPHA,QUAN ) -
32 FORMAT('NPHA="13,6X,'QUAN' F10.4) ™~
244 CONTINUE
¥ IRI{K)=NPHA
344 MINI=NPHA
C —
c
4520 FORMAT(14,4X,4F10.3)
RETURN
END

ClI-.‘--...‘.l.""‘_‘t‘-...‘.“‘.—.“"‘ll‘.-“"‘..“I““.'.DD

SUBROUTINE SEC(02,1Q2,IB,IB2,IS,IED,IRI)
c....‘i.‘.".I".-‘""--'-'."“T““‘-“.I‘-
COMMON LDIM,PLIPF NSYM .
INTEGER H2(1),1Q2(1),1B(1),1B2(1),15(256),IED(256),IRI{1)
NSYMM1=NSYM-1
CALL MAP(II2,1Q2,IB2)

c
8(2)=0
IED(2)=0 .
DO 135 K=3NSYMM1
. KMI=K-1
CALL ISDET(IS,IB,IB2 K)
C .

IED(K-1)=0
IF(IS(K):NEU.AND.IS(K}. EQ.IS(KM1))IED (KM1)=IS(K)
IRI(KM1)=IB(KM1)-IED{KM1)
CALL MODA{IRLKM1}
135 CONTINUE
RETURN
END

c."'.".".-"‘_"-'-'-."-.'...-"-"“..i--.....‘1-.“‘.“...“"-'.

C SEQUENTIAL DECODING
C!D'."..‘-t“““‘““.""'.'O".‘.'ti.lt‘.‘...i‘i""'."‘-'Ul'c--
SUBROUTINE SEQUEN(D11,D1Q,D21,D2Q ,KDECMD)
COMMON LDIM PI IPF,NSYM
C  DIMENSION P1(256),PM1(256),QMI(256), x1(zse) XM1(258)
C  INTEGER IX1(5)2),IXM1(512),IV1(256) .
DIMENSION D1I(1),D1Q(1) -
DIMENSION D2I{1),02Q(1)
DIMENSION S0(266),51(268),52(256),33(258),Q0(4),Q1(4},Q2(4),Q3(4)
INTEGER MG0(256),MG1(2566),MG2(266),MG3(256),MD(1)
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INTEGER KDEC(1),MP(256)
NSYMM2=NSYM-2

30(4)=0.0
81(4)=0.0
52(4)=0.0
83(4)=0.0

PO 236 1=5 NSYMM2
QY1=-D2I{I)-D2q(l)
QY2=-D21{1})+D2Q(I)
QY3=-QY1

QY4=-QY?2 ~

CT1=D1I(1)+D1Q(I)

AMOMO=-(CT1-QY1)
AMIMO=-(CT1-QY?2)
AM2MO0=-(CT1-QY3)
AM3MO=-(CT1-QY4)

© ¢T2=D1I{1}-D1Q{l)
AMOM1=-{CT2-QY2)
AMIM1=-(CT2-QY3)
AM2M1=-(CT2-QY4)
AM3M1=-{(CT2-QY1)

CT3s=-DI1L{1)-D1Q(1)

AMOM2=-(CT3QY3)
AMIM2=-(CT3-QY4)
AM2M2=-{CT3-QY1}
AM3M2=-(CT3-QY2)
CT4=-D1{1}+D1Q(1)
AMOM3=-{CT4-QY4)
AMIM3I=-{CT4+QY1)
AM2IM3=-{CT4+-QY2)
AM3SM3=:(CT4-QY3)

DETERMINE AND CHOOSE S0(i)
QO(1)=50(I-1)+ AMOMO
Q0(2)=91(1-1)+AM1IMO
Q0(8)=382(I-1)+AM1IMO
QO(4)=393(1-1)+AM3M0O

CALL $SES{(Q0,30,1,MGO0)

a

194



c
c » .
CALL SES(Q2,521,MG2)
C
C DETERMINE AND GHOOSE $3(I)
c . :
Q3(1)=s0({I-1)+AMOM3
Q3{2)=81({I-1)+AMIM3
Q3(3)=82(I-1)-+AM2M3 ~
i Q3(4)=83(I-1)+AM3M3
c
CALL SES{Q3,93,MG3)
o]

- C-‘I.---“...“-“.“‘--‘--l..‘.-“-l...‘.““-.-

~

~

C DETERMINE AND CHOOSE Si(I)

Q1{1)=8p(I-1) +AMOM1
Q1(2)=81(I-1)+AM1M1
Q1(3)=82(I-1)+AM2M1
Q1(4)=53(I-1)+AM3M1

c

. .
CALL SES{Q1,51,1,MGI)

Q

G DETERMINE AND CHOOSE 52(I)

C .

Q2{i)=50(1-1}+AMOM2
Q2(2)=81{I-1)+AM1M2
Q2(3)=82(I-1}+AM2M2
- Q2(4)=83({I-1)+AM3M2

CALL SELTRA(S0,81,52,53,MD,IMGO,MG1,MG2,MG3MP)

CALL SQU3(MD MPMGOMGIMG2MG3 NSYM,KDEC)

236 CONTINUE 4
77 FORMAT(9I7)
RETURN

END

SUBROUTINE SES(Q,8,K,MG)
DIMENSION (1),5(1)
INTEGER MG{1)

NPHA=1
DO 1 =24
N1=NPHA
N2=I

1 IF(Q(N1).GT.Q(N2)INPHA=NZ
3(K)=Q(NFHA)
MG(K)=NPHA-1
RETURN
END

C-l-U‘I‘....il.."“."‘...'.“-..l.

—

SUBROUTINE SELTRA(50,31,32,83,MD LMGOMG1,MG2MG3MP)

DIMENSION 50(1),51(1),52(1),83(1)

INTEGER.(MD(I),MGO(1),MG1(1),MG:2(1) MG3(1) MP(1)

195

:

PEN

-



U

SMIN=30(1)
NMIN=MGo(I} -
MMIN=0 '

IF(S1(1).LT.SMIN)NMIN=MG (1) .
IF(S1(I).LT.SMIN)MMIN=1
IF(S1{I).LT.SMIN)SMIN=31(I)

IF (82(1).LT.SMIN)NMIN=MG 2(1}
IF (S2(I).LT.SMIN)MMIN=2
IF(82(1).LT.SMIN}SMIN=52(I)

c ‘

IF(S3(1).LT.SMIN)NMIN=MG3(I)
IF(93(1).LT SMIN)MMIN=3 -
IF (33(1).LT.SMIN)SMIN =53(1)
MD(I)=NMIN
MP(1)=MMIN
RETURN
END
C-.l.t.‘.il“‘i‘-‘-liiﬂttii-tt-.ii‘-
SUBROUTINE SQUS(MD MPMGOMG1MG2MG3NSYM,KDEC)
INTEGER MD(1),MGO(1),MG1(1),MG2(1) MG3(1),KDEC(1)
INTEGER MP(1) ' ‘
NSYMM2=NSYM-2
NSYMM4=NSYM-4 ~ -

DO 1 1=7,NSYMM2

M=I1-2

IF(MP(1).NE.0)GOTO 11
IF(MG0(1)}.EQ.0)KDEC(1-2)=MG0(I-1)
IF(MGO0(1).EQ.1)KDEC(I-2)=MG1(I-1)
TTF(MGO0(1).EQ.2)KDEC(I-2)=MG2(I-1)
IF(MGO(I). EQ.3)KDEC(I-2)=MG3(I-1)
GOTO 1 ‘

1 IF{MP{I).NE.1)GOTO 22
IF(MG1(1).EQ.0)KDEC(M)=MG0(I-1) .
IF(MG1(1}EQ.1)KDEC(M)=MG1(I-1)
IF(MG1(1).EQ.2)KDEG(M)=MG2(I-1}
IF{MG1{1).EQ.3)KDEG(M)=MG3(I-1)
GOTO 1

22 IF(MP(I}J.NE.2)GOTO 33
IF(MG2(1}.EQ.0)KDEC(M)=MGO(I-1)
IF(MG2(1).EQ.1)KDEC(M)=MG1(I-1)
IF(MG2(1).EQ.2)KDEC(M)=MG2(I-1)
IF(MG2(1).EQ.3)KDEC(M)=MGS(L-1}
GOTO 1

Q

33 ]F(MGS(I].E’Q.O}KDEC(M)=MGO(I-1)
IF(MG3(1).EQ.1}KDEC(M)=MG1(I-1)
IF(MG3(1).EQ.2)KDEC({M)=MG2(I-1)
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C

- “

IF(MG3(1).EQ.3)KDEC{M)=MG3{I-1)
) CONTINUE ‘
_ RETURN————.
END
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C PROGRAM NAME: DGMIK
C* WRITTEN BY A. YONGACOQOGLU, SEPT. 9 1986
c
1
C*** THIS PROGRAM SIMULATES DIFFERENTIAL DETECTION OF MSK OR GMSK

THE BER PERFORMANCE OF THE FOLLOWING RECEIVERS CAN BE EVALUATED:

1) CONVENTIONAL ONE-BIT DIFFERENTIAL DETECTION
2) ONE:BIT DIFFERENTIAL DETECTION USING DECISION FEEDBACK
3$) CONVENTIONAL TWQ-BIT DIFFERENTIAL DETECTION

FOR THE ONE-BIT DIRFERENTIAL DETECTION
THERB IS NO DIFFERENTIAL ENCODING AT TWSMITTER.
n o ' : :
AT THE CEIVER, THE CORRECT SAMPLING TIME I8 KNOWN,
THEREFO ONLY ONE SAMPLE PER BIT IS PROCESSED.

4

noaoococoaoaacocaaocaaqlocanboacnonaaoaaq

THE SIMULATION IS IN BASEBAND.
\

THE SUBROUTINES CALLED:

1) SPECIFIC TO THIS PROGRAM

NBZ FMMOD RXIBIT RX2BIT

2) SHARED WITH OTHER PROGRAMS
PRBS DATA DENCOD ENERGY
SETFI CHOFI COMP REIM:

ALSO THE FOLLOWING IMSL ROUTINES ARE NEEDED ~
1) GGNML 2) FFT2C

DOUBLE PRECISION -DSEED /\
COMMON LDMPLIPM [
COMMON/IORUT /ITTLITTOLPT .
COMMON/PA.R.A/NO1,N0§,SYMB.AT,SE§NDW ‘ )
COMPLEX SIGNAL(2048), TXF(2048) PREF1(2048)
COMPLEX SIG(256),YG(2568)
DIMENSION AR{2048),A1(2045);0UM(2200)
INTEGER JAI(29000),IN1(266),IN1DF(256)
INTEGER IORI(256),IN2{256),IDE(256)

C

C INITIALIZE THE FIXED PARAMETERS

C ' .
PI=3.141552653560793 /’\/_

C’“‘.-.-“--.i-.-“l‘-.-.tll.l.-.
L=11
NP=2**L*
IPF=16
N5SYM=128 !

Cl‘tt‘..‘....“‘......."“'..-'.. {

198



FIPF=IPF*2.0
INC=8
LDIM=NSYM*IPF
IF(LDIM.NE.NP)WRITE(7,854)

654 FORMAT(5X,'DIMENSICNS DO NOT MATCH")

~SYMRAT=1.0 -

SBANDW=IPF*SYMRAT
EBIN=1.0
NO=LDIM/2
NO1=NO+1
NQO2=NO1l+t ‘
ITTI=7 -
ITTO=7
LPT=6
ITER=0

INITIALIZE THE PARAMETERS FOR EACH ADDITIONAL RUN

(e eI

1111 ITER=ITER+1
TDSEED=288943D0
IDUM=24
WRITE(7,6010) |
READ(7,8004}JRUN
IF{JRUN.LE.50)GOTOQ 210
WRITE(7,7001)
READ(7,6004)JRUN
~ \;}m CONTINUE
2 T INOBIT=28000
/ Ig\_ =0
- IERIDF=0
IER2=0
c -
SHIFT1=0.0
WRITE(7,108)
108 FORMAT(’FOR ONE-BIT PRESS 1, FOR TWO-BIT PRESS 2')
.~ READ(7,6001)I10R2
{ IF(110R2.EQ.1)GOTO 112 -

WRITE(7,4027)

4027 FORMAT{"THRESHOLD = 7')
READ(7,8004)TH

GOTO 16
c .
€ DECISION FEEDBACK OR NOT
c
112 WRITE(7,816)

816 FORMAT('IF YOU WANT DECISION FEEDBAGK PRESS 1')
READ(7,6001)ISHI
IF(ISHINE.1)GOTO 15

WRITE(7,5285)

5285 FORMAT('SHIFT VALUE IN DEGREES 7 (FOR BT=0.25 ENTER 18.2)’)
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READ(7,8014)SHIFT1
8014 FORMAT(F8.4):
SHIFT1=8HIFT1*P1/180.0

15 WRITE(7,6003)
" READ({7,8004)DB
DBR=DB/10.0 ‘
Ctl.‘l.‘.“‘."..-‘ t.‘-.‘i‘..il"“‘t‘l“‘b
PNoIN=1o/{(¥0.0**DBR))*IPF . J
C-'..“‘"'l‘..lii."l..“..'.‘.lt-“i.i'.l.-
W RITE(7,8254) .
" 8254 FORMAT{'"ENTER THE JAMPLING TIME, NOMINAL VALUE: 00 (12}')
READ(7,9367)MOFF
9367 FORMAT(I2)
C o ——
CALL PRBS{JAIL15,1,15,INOBIT)
o
C—————CHOOQSING THE FILTERS
C
WRITE(7,501) ] ‘
591 FORMAT('FILTER PARAM. USER DEFINED=1, SET=0, SAME AS LAST RUN=2')
READ(7,6001)IVARFI
IF(IVARFLEQ.1)GOTO 360 »
IF{IVARF1.EQ.2)GOTO 950
ITXFI=1
IPREFI=1
CALL SETFI(TXF PREFI)
GOTO 950
C TX FILTER
o
360 WRITE(7,8100)
READ(7,6001}ITXFI
IF(ITXFLNE.1)GOTO 450
CALL CHOFIL(TXF,1)
GOTO 560 .
450 WRITE(6,8100) -
C R
'C PREMOD FILTER  ~ ~ ?
c
550 W RITE(7,9100)
READ(7,6001)IPREFI ‘ ‘
IF{(IPREFLNE.1)GOTO 650
CALL CHOFIL{PREFI,2) ' -
GOTO 960
860" WRITE(6,9108)
C -
950 CONTINUE
C )
ISTART=1
C

1900 ICHE=JRUN*INC+NSYM+IDUM
IF(INOBIT.LE.ICHE)WRITE(8,889)
IF{INOBIT.LEICHE)STOP
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c
c
C START OF EACH ITERATION
c - ,
. .

DO 888 KRUN=ISTART JRUN

WRITE(7,3300)KRUN

c
C LOAD NSYM FROM THE GENERATED PRBS
c

CALL DATA{JALIORLNSYM,IDUM)
o :

¢ IF 2-BIT DIF. DETECTION, DIFFERENTIALLY ENCODE THE DATA
C
IF(I10R2.EQ.2}CALL DENCOD (IORLIDE,NSYM)
c
C GENERATE NRZ SIGNALS, IPF SAMPLES PER BIT
c ‘ .
IF(ILOR2.EQ.1)CALL NRZ(AR,ALIORI,NSYM,IPF)
IF(110R2.EQ.2)CALL NRZ(AR,ALIDE,NSYM,IPF)
CALL COMP(SIGNAL,ALAR,LDIM)

c
C PASS THE SIGNAL THROUGH TRANSMIT FILTER
C . '
IF(YTXFLEQ.1)CALL FILTER(SIGNAL,TXF LDIM,L)
C . .
c FILTERED NRZ SIGNAL IS FED TO THE FM MODULATOR
C

CALL FMMOD(SIGNAL,AR,AI)

C CALCULATE ENERGY PER BIT

o]

CALL ENERGY(SIGNAL,EB)

GENERATE WHITE GAUSSIAN NOISE AND SCALE IT |

Qoo

CALL GGNML({DSEED,LDIM,DUM)

PNO=PNOIN*EB .

c \ |
DO 58 I=1,LDIM

§3  DUM(I)=DUM(I)*SQRT(PN0)

c (AELL LA L LY L])

C ADD NOISE

C (A LR LL R ] L)

DO 83 I=1,LDIM
63 SIGNAL(I)=SIGNAL(I)+ CMPLX(DUM(I),DUM(LDIM+1-1))
c : -
C  PASS THE SIGNAL THROUGH PREDETECTION FILTER
c <

REEEY

IF(IPREFLEQ.1)CALL FILTER(SIGNAL,PREFILDIM,L)

o}
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C (LTI LI E L LR Ll Ll LL])

- ¢ DIFFERENTIAL DESODING

c T I

- C ‘ - ,

C SAMPLE THE SIGNAL- . !
DO 2444 I=1NSYM

YG(I)=CMPLX(0.0,0.0)
2444  SIG(I)=SIGNAL(I*IPF-MOFF)

c

c CONVENTIONAL 2-BIT DIFFERENTIAL DETECTION

c -
IF(I1ORZ.NE.2)GOTO 28
CALL RX2BIT(SIG,IORIIN2,TH,IEK?) i
GOTO 422 - -

(o]

C CONVENTIONAL 1-BIT DIFFERENTIAL DETECTION

c

28  CALL RX1BIT(SIG,YG IORI,IN1,0.0,IERI,NSYM)

c

c 2.BIT DIFFERENTIAL DETECTION USING DECISION FEEDBACK

IF(ISHL.EQ.1)CALL RXIBI;r(SIG,}’G,IOR.I.INIDF.SHIFTI,IERIDF.NSYM)
422  IDUM=IDUM+INC
888 CONTINUE . Co

PRE1=FLOAT(IER1)/FLOAT((NSYM-3)*JRUN}
. IF(110R2.EQ.1)WRITE(7,562)IER1,PRE1
562 FORMAT{'NO. OF ERRORS'I4,6X,'PROB. ERROR 1-BIT CONV. ='F126) '«

PREIDF=FLOAT(IERLDF)/FLOAT((NSYM-3)*JRUN)
IF(110R2.EQ.1:AND.ISHLEQ.1)WRITE(7,562)IER1DF PREIDF -
762 FORMAT('NO.OF ERRORS'I4,6X,'PROB. ERROR 1-BIT DF. ='F12.6)

w4

PRE2=FLOAT(IER2)/FLOAT((NSYM-3)*JRUN)
IF{110R2.EQ.2)WRITE(7,262)IER2,PRE2 :

262 FORMAT('NO OF ERRORS'J4,6X,'PROB. ERROR Z-BIT CONV, ='F12.6)
WRITE(8,712)DB ’ :
WRITE(7,712)DB

WRITE(7,5005)
READ(7,6001)ICONT

IF(ICONT.NE.1)GO TO 360

WRITE(7,8202)
READ(7,6004)IINC

IF(IINC.LE.50)GOTO 211 :

WRITE(7,7001) —
READ(7,6004)IINC

211  ISTART=1+JRUN
JRUN=JRUN+IINC
GO TO 1900
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_ ™
368 WRITE(7,7005)
7005 FORMAT('FOR A NEW RUN PRESS 17)
READ(7,6001)NEWRUN
IF(NEWRUN.EQ.1)GOTO 1111 . ‘ '
c
C READ FORMATS
c
8004 FORMAT(IS) .
8004 FORMAT(F10.4) :
6001 FORMAT(I1) - 4
c
7001 FORMAT('IS IT A MISTAKE? TRY AGAIN')
8010 FORMAT{'NO OF RUNS=7 (I3)')
100 FORMAT(5X,'IPF="]4) .
6003 FORMAT(’ ENTER EB/NO IN DB= 7 (F104)")
8100 FORMAT('DO YOU WANT A TX FILTER 7 (YES=1)")
8106 FORMAT('NO TRANSMIT FILTERING")
0100 FORMAT('DO YOU WANT A PRE-MOD FILTER 7 (YES=1)")
9100 FORMAT('NO PREMOD FILTERING')
6890 FORMAT(2X,INGREASE INOBIT’)
3300 FORMAT(5X,’KRUN=",14)
258 FORMAT(10X,'ENERGY BEF MOD'F10.6)
268 FORMAT(2X,'I=",15,6X,F10.4,5X,F10.4)
712 FORMAT(10X,'DB="F10.4)
5006 FORMAT('DO’ YOU WANT TO CONTINUE 7',//IF YES PRESS 1')
8202 FORMAT('NO OF RUNS’)
STOP
END o
cl.n-tt--tIl-.ttt‘-t.‘.-10.‘1.1‘0“‘D“-.i.'-i-t-'-‘.-i
C SET THE TRANSMIT AND PREDETECTION FILTER PARAMETERS
SUBROUTINE SETFI(F1,F2)
COMPLEX F1(1),F2(1)
CALL FILT(0.25,0.0,F1,9) - -
CALL FILT{0.5,0.0,F2,9)
RETURN
END
COt‘.""'..'ii*ti‘tit‘t.““.i"“ii‘..tt.'i"
C PERFORMING THE FM MODULATION
SUBROUTINE FMMOD(SIGNAL,AR,AI)
COMMON LDIM,PLIPF NSYM B
COMPLEX SIGNAL(1)
DIMENSION AR(1),AI{1)

c

CALL REIM(SIGNAL,ALAR,LDIM)
c

FIPF=IPF*2 .

SUMI=0.0 :

DO 36 I=1NSYM

DO 36 J=1,IPF

M=((I-1)*IPF+J)

SUMI=SUMI+AI(M)

AR{M)=COS(PI/FIPF*SUMI)
{
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36 AI{M)=SIN(PI/FIPF*SUMI)

c
CALL COMP{SIGNAL,AR,ALLDIM) -
RETURN
END -
c .I"‘...“‘I'l’..".l..“".-“....t“‘..‘."‘O“.‘..tl‘l‘
C  2-BIT DIFFERENTIAL DECODING SUBROUTINE .

C ..-.".‘""l-.'".‘.‘.“‘-..““."“.“.‘.‘.‘1""“.'.-
.

SUBROUTINE RX2BIT(SIG,IORI,IN2,TH,IER?)

COMMON LDIM P1IPF,NSYM

COMPLEX 8IG(1) '

INTEGER IORI(1),IN2(1) _
NSYMM2=NSYM-2 \

DO 547 [=3,NSYMM2 .

G2=REAL(SIG(I)*CONIG(SIG(I-2}))-TH

IN2(I)=-1

IF{C2.LT.0.0)IN2(I)=1

IF{IN2(I).NE.IORI(I))IER2=IER2+1 ,.
§47 CONTINUE

RETURN

END
Cu.l“---CO...‘.l...‘..".".“---“‘.‘-.'-'.""--l‘-‘;““
c DIFFERNTEALLY ENCODING THE DATA

SUBROUTINE DENCOR(ILIID,NSYM)
C‘--lt...i‘."“l“"-U-‘-“i"‘-.i‘.i“‘-'“'-““‘Iit‘t-.t
DIMENSION 1I(1),1ID(1)
1ID({1)=11(1)
DO 3 [=2,NSYM
3 IID{H=ID(-1)"II{1)

RETURN

END
eLLL R LTI L ELECE R EP PER AL R REEL SRR DL LA A AL
C REPRESENTING THE SIGNAL WITH IPF SAMPLES

SUBROUTINE NRZ(AR,AlINSYM,IPF)
cc“t."ltt‘.‘i““-.‘."‘.l"--t.!Q.'i‘.!““‘t‘-ii-ttti‘t.
DIMENSION AR(1),Al(1)
INTEGER 1I(1) {
DO 35 I=1NSYM
DO 35 J=1,PF
M=({(I-1)*IPF+J)
AR(M)=0.0
35  AIM)=II(1)
RETURN
END
C.o-‘C1.“.".i‘--"..‘Id‘!.Qi10Il.'l".-““i‘t.'ltt‘idtt.“#“-
C THIS SUBROUTINE PERMITS INTERACTIVE ENTRY OF FILTER PARAMETERS
C SUBROUTINES CALLED: 1) RDRCOS, 2) RCOSFA, 3) RDBWG, 4) FILT
c“-‘-t“..‘il....i‘l!i..l--ll'1-‘-‘“‘t‘l‘iliit‘t‘ii"l".‘t"tt
SUBROUTINE CHOFIL(F!MFIL)
COMPLEX FI(1)
COMMON/IOPUT/ITTLITTO,LPT
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WRITE(ITTO,8101) e
,READ(ITTLE001)IKIN

IF(IKIN.NE.1)GOTO 451 :

CALL RDRCOS{ALPHA FN,ISQRT,JAMPMFIL)

CALL RCOSFA(FN,FLALPHA ISQRT IAMP) )
RETURN

451 IF(IKIN.NE.2)GOTO 352
CALL RDBWG(BT,IBWG MFIL) -

RETURN
352 WRITE(ITTO,
6001 FORMAT(I1
8101 FORMAT('JCOS=1, BUTW/GAUSS=2")
8108 FORMAT(

END .
C.til.-...'."““‘.-"*“‘.'..“‘..-10‘.“.-.“-..--‘.“‘---ii“ii.‘t
C THIS SUBROUTINE PERFORMS THE ONE-BIT DIFFERENTIAL DETECTION
C (CONVENTIONAL OR USING DECISION FEEDBACK)
c .
¢ SUBROUTINE CALLED: 1) .PS1
C“.‘“""*..“‘.‘i.i““‘..i‘...".“'é“.“'i“‘i..t'....‘.“.‘4“‘
SUBROUTINE RX1BIT(SIG,YG,ILIN SHIFT,IER,NSYM)
COMPLEX SIG(1},YG(1)
INTEGER II{1),IN(1)

C
. NSK=N3SYM-2
1IG=2
IN(1G)=II{IG)
C

DO 647 I=3,NSK

XX=IN(I-1)"SHIFT

CALL PS1(8IG,YG,IXX}

‘AIC=REAL(SIG(I)“CONJG(YG(I)))

_}'\lN(I)=-1

IF(A1C.GT.0.0)IN(I)=1

IF(IN(I}.NE.II{I))IJER=IER+1
547 CONTINUE

RETURN -

END « ~ .
C“"-D..“"U“‘.‘.“.““‘-'-.--t'.‘O“-----".“"‘.---“--
C THIS SUBR. SHIFTS THE PHASE OF THE 1-BIT DELAYED SIGNAL
C FOR CONVENTIONAL 9% DEGREES vooe
¢ FOR DECISION FEEDBACK ADDITIONAL (X=IN(I-1)*SHIFT) DEGREES

SUBROUTINE P31(SIGNAL,B,[X)
c"""‘.‘"i“‘....‘-"‘...".""---‘.-‘-‘-i-“‘.-ﬂﬂﬂﬂ“‘.tl

COMPLEX SIGNAL(1),B(1)

P102=3.14159/2.0

AA=COS(X+P102)

BB=3IN(X+P102)

B(I)=S8IGNAL(I-])*CMPLX(AA,BB)

RETURN i

END
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o000 0000a00000 0000000000000 O0O0Q0O00a0

-~

E

-

WRITTEN ON JULY 12 1986 BY ABBAS YONGACOGLU

THIS EROGRAM IS USED FOR EVALUATING THE BER PERFORMANCE OF
DGMSK’' RECEIVERS WHICH USE DECISION FEEDBACK. MORE SPECIFICALLY
THAT OF: ' :
‘+ 1) 142DF RECEIVER
2) 2+3DF
3) OFFSET QPSK (DOQPSK)
4) DCTPSK

* THE SIMULATION 15 IN BASEBAND.

THE SUBROUTINES USED IN THIS PROGRAM ARE : '
LR L] 1) IMSL LA L)

FFT2C GGNML

.

*** 2) SHARED WITH OTHER PROGRAMS -
ENERGY FILT FILTER PR._BS RCOSFA—REIM

COMP CHOFIL DATA REIM RDRCOS RDBWG

*** 3) SPECIFIC TO THIS}PROGRAM son
) %
DF12 DF23

-

TO SPEED UP THE COMPUTATIONS, ONLY EVERY IPF/? SAMPLE IS USED.

-DOUBLE PRECISION PID,DSEED
COMMON LDIMPLIPF NSYM
COMMON/PARA/NO1,NO2,SYMRAT,SBANDW
COMMON/IOPUT/ITTLITTO LPT
COMPLEX SIGNAL({2048), TXF(2048),PREF1(2048)
COMPLEX SIG(2686) o
DIMENSION AR(2200),AI1{2200),DUM(2200)
INTEGER JAI{59000)
INTEGER I0RI{1024),IDE(1024),I0UT(300),I0UT3(300) ' 4
c
c
C INITIALIZE
iTTI=7 - ’
iITTO=7
LPT=6
P1=3.141692663589703
L=11 .
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NP=2""L
IPF=18
“FIPF=IPF"*2
IPFP1=IPF+1 '
IPFO3=IPF/2 ' '
IPO2P1=IPFO2+1
SQ2=8QRT(2.0) .
NSYM=128
NSYMP1=NSYM+1
NSYMM1=NSYM-1
WRITE(6,100)IPF
INC=86 :
LDIM=NSYM*IPF
IF{LDIM.NE.NP)WRITE(6,654)
SYMRAT=1.0 .
SBANDW=IPF*SYMRAT
NO=LDIM/2
NO1=NO+1 .
NOZ=NO1+1 ;
ITER=0

C
c
C START FOR EACH ADDITIONAL RUN
cC

1111 ITER=ITER+1
DSEED=268043D0
IDUM=24
WRITE(7,6010)
READ(7,6004)JRUN ]
IF(JRUN.LE.50)GOTO 210
WRITE(7,7001)
READ(7,6004)JRUN
210 CONTINUE

c
INOBIT=68000 ‘
IERROR=0 ¢
WRITE(7,120) )
120 FORMAT('FOR 1+2DF RECEIVER ENTER 1, FOR 2+3DF ENTER 2')
READ(7,6001)IRX
c
WRITE(7,1672) -
1572 FORMAT('COMBINING COEFFICIENT 7') -y
READ(7,8014)COMCOF
c.
WRITE(7,5285)

5285 FORMAT('ENTER THE SHIFT VALUES IN DEGREES 7
READ(7,8019)SHIFT1,SHIFT2
8019 FORMAT(F8.4,/,F8.4)
8014 FORMAT(F8.4)
SHIFT1=SHIFT1*P1/180.0
SHIFT2=SHIFT2*P1/180.0
WRITE(7,6003)
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READ(7,6004)DB
DBR=DB/10.0, ’
EBIN=1.0.
C-I--“‘Ql'...0“-‘0‘q...‘C.l.‘..““l'.‘!..‘.
PNOIN=1.0/((10.0**DBR))*IPF -
C-..tO.Q'..0110‘.'-IOtt.-‘.--“ttitﬁiiiti.ii.
c .
CALL PRBS(JAL,15,1,15,INOBIT) C
c ' 1 ; _
c— CHOOSING 'I'HE FILTERS
C

WRITE(ITTO,501)
591 FORMAT('FILTER PARAM. VAR=1, SET=0, SAME=2")
READ(ITTI,6001)IVARFI

IF(IVARFLEQ.1)GOTO 360 y
*IF(IVARFLEQ.2)GOTO 950
ITXFl=1 :
IPREFI=1
. CALL SETFI{TXFPREFI]) ‘

GOTO 950

C TX FILTER

e

360 WRITE(ITTO,8100) T
READ(ITTI,6001)[TXFI
IF(ITXFLNE.1)GOTO 450
CALL CHOFIL(TXF,1)
GOTO 550

450 WRITE(LPT,8108)

c

¢ PREMOD FILTER

c : ~

550 WRITE{ITTO,9100)

READ(ITTI,6001)IPREFI

IF(IPREFLNE.1)GOTO 650

CALL CHOFIL{PREFI,?2)

GOTO 950 - -
650 WRITE(LPT,0108) '

LY
8602 ISTART=1

-~ 1900 ICHE=JRUN®INC+NSYM+IDUM /
’ IF(INOBIT.LE.ICHE)WRITE(8,689)
IF(INOBIT.LE.ICHE)STOP

—_—— e — e

START OF EACH ITERATION

OQ Q00

DO 888 KRUN=ISTART,JRUN o~
W RITE(7,3300)KRUN
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c
C GENERATE THE DATA }
" CALL DATA({JALIORINSYM,IDUM)
IF (IRX.EQ.2)CALL DENCOD(IORI IDE,NSYM)
IF(IRX.EQ.1)CALL FILLIN(IORI,IDE,NSYM)
DO 36 I=1,NSYM
DO 35 J=1IPF
M=((I-1)*IPF+1)

N

AR(M)=0.0 .
35 AI(M)=IDE(I)
c ;
CALL COMP(SIGNAL,AL AR LDIM)
C
_C TX FILTER
e
I IF(ITXFLEQ.1)CALL FILTER(SIGNAL,TXF LDIM,L)
CALL REIM{SIGNAL ALAR,LDIM)
c

c WRITE(7,3273)(LAI(I),AR(1),1=1,32)
3273 FORMAT{(14,3X,2F12.5)
e N
SUMI=0.0
DO 36 I=1,NSYM
DO 38 J=1PF
M=({I-1)*IPF+J)

. N

SUMI=SUMI-+AI{M) | }
AR(M)=COS(PI/FIPF*SUMI) \
38 AIQM)=SIN(PI/FIPF*SUMI) :
c s
CALL COMP(SIGNAL,AR,ALLDIM) -
¢
c
CALL ENERGY(SIGNAL,EB)
IF(KRUN.EQ.1) WRITE(6,258)EB
c .
c
c
c
CALL GGNML({DSEED,LDIM,DUM)
PNO=PNOIN*EB :
C

DO 53 I=1LDIM
53 DUM(I}.—DUM(I)"SQRT(PNO)

C LA ER LA L LY L]

C  ADD NOISE
C ll‘.;‘_“'....-'

DO 63 I=1,LDIM 1
83  SIGNAL{I)= SIGNA.[\(I)+CMPLx( UM(1), DUM(LDIM-}-II}
c

: IF(IPREFI.EQ.1)CALL FILTER(SIC?’NAL \PREFI,LDIM,
c
c .

P



c

c ITIET NIRRT R IR R L LT L L L L

C  DIFFERENTIAL DECODING
c Y Y LT S TS T T T LT T R—
€  -SAMPLE THE RECEIVED SIGNAL
c
DO 2444 I=1,NSYM
2444 SIG{I)=8SIGNAL(I*IPF-2)
C
C 1+2DF RECEIVER

IF{IRX.EQ.1)CALL DF12(1OR[IOUT SIGySHIFT1,SHIFT2,COMCOF)
C 1+3DF RECEIVER
c -

IF(IRX.EQ.2)CALL DF23(IDE,IORIIOUT SI1G,SHIFT1,SHIFT2,COMCOF)

c COUNTING THE ERRORS

NSK=NSYM-4
DO 3666 1=6NSK
IF(IOUT(1).NE.IORI(I))IERROR=IERROR+1
3666 CONTINUE
WRITE(ITTO,620)IERROR
620 FORMAT{'IERROR ='I4}
IDUM=IDUM+INC
888 CONTINUE _
‘PRE=FLOAT(IERROR)/FLOAT((NSK-4)*JRUN) .
WRITE(7,562)PRE N
662 FORMAT('PROB. OF ERROR ='F12.6)
WRITE(7,712)DB
WRITE(F,5005)

READ(7,6001)ICONT
IF(ICONT.NE.1)GO TO 389
WRITE(?,8202)

READ(7,8004)IINC

IF(IINC.LE.60)GOTO 211

WRITE(7,7001}

* READ(7,6004)lINC

211 ISTART=1+JRUN
JRUN=JRUN+IINC
GO TO 1900

389 WRITE(ITTO,7005)

7005 FORMAT{'FOR A NEW RUN PRESS 1')
READ(ITTI,8001)NEWRUN
IF(NEWRUN.EQ.1)GOTO 1111

[

C READ FORMATS .
C.

6004 FORMAT(I3)
8004 FORMAT(F10.4)
.6021 FORMAT(I1,/,11)

Y
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601 FORMAT(11) /

WRITE ON ITTI

WRITE ON LPT/ITTO (

oaQaaoooaQ

—~t—

7001 FORMAT('IS IT A MISTAKE? TRY AGAIN")
6010 FORMAT('NO OF RUNS=? (I3}’)
100 FORMAT(EX/ IPF=",14)}
654 FORJ\&AT{EX,'BOYUTLAR UYUMSUZ')
6003 FORMAT(' DB= 7 (F10.4)")
8100 FORMAT('DO YOU WANT A TX FILTER 7 (YES=1)")
8109 FORMAT('NO TRANSMIT FILTERING')
9100 FORMAT('DO YOU WANT A PRE-MOD-:FILTER 7 (YES=1)")
9109 FORMAT('NO PREMOD FILTERING') ¢
5001 FORMAT{'DO YOU WANT VARIABLE NO OF RUNS//IF YES PRESS 1'}
689 FORMAT(2X,"™NCREASE INOBIT")
3300 FORMAT(EX,'KRUN='14}
258 FORMAT(10X,'ENERGY BEF MOD' F10.6)
2668 FORMAT(2X,'l="156X,F10.4,5X,F10.4)
712 FORMAT(10X,'DB="'F10.4)
5005 FORMAT('DO YOU WANT TO CONTINUE 7',/ IF YES PRESS.1')
8202 FORMAT('NO OF RUNSY)
STOP v
END

Ci-.-1‘ﬁ.."'.".-1"'1.'...‘i“'...".""..“‘.i"‘l----

SUBRUUTINE DENCOD(I},IID,NSYM)}
clI.t‘!i'i""..‘..."‘l'.l'...‘!i!"".‘“-----i.-ii-iiﬂltt

DIMENSION II{1),IID(1)

1D (1)=I1(1)

DO 3 I=2,NSYM
3 ID(1)=-1ID(I-1)*1I(1)

RETURN

END
CIIII#"t.?.O'i:.‘“‘.l‘....‘11#.“..'."‘l‘.---f‘-".

SUBROUTINE SETFI(F1,F2)

COMPLEX F1(1),F2(1) .

CALL FILT(0.25,0.0,F1,9)

CALL FILT(0.5,0.0,F2,9)

RETURN

END

c (AR R LRI LALL LI Rt ] ])

C  DIFFERENTIAL DECODING
c (IR ELE LI LI AL LR Ly LYl
SUBROUTINE DF23(IDE,IORI,IQUT,SIG,SHIFTL SHIFT2,COMCOF)
COMMON LDIM PLIPF NSYM
COMPLEX SIG(1),XG(258),WG(256) Y
“INTEGER IN(268) IDE(1),IORI(1),I0UT(1)

DO 2444 I=1,NSYM
XG(1)=CMPLX(0.0,0.0)
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\

2444 WG([)=CMPLX(0.0,0.0}--
c
Ji=1
J2=1
J3=8
Ja=4
IN(1)=IDE(J1)
IN(2)=IDE{J2)
IN{3)=IDE(J3)
IN(=IDE(J4)
rowﬁm):[om(m)
JOUT(J4)=IORI(14} -

C‘.."---I"l-..'i."........

DO 647 I=5NSYM

¢ BIT

o] o
WW=00
IF(IN(I-1).NE.IN(I-2)) W W=IN([-2)*SHIFT1"2.0
[F(IN(I-1).NE.IN(I-3))W W=IN([-3}*SHIF T2+ WW
CALL PS2(8I1G XG,,WW} :
FR=REAL(SIG(1)*CONJG(XG(I-2))}

3-BIT

O0ao0

SS=PI/2.0°IN(I-1)

SHI2=SHIFT1"2
IF{IN(1-2).NE.IN(I-3))SS=IN(I-3)*SHI2 + 58
IF(IN(1-2).NE.IN(I-4))8S=IN(I-4) *SHIF T2+ S8
CALL PS3(8IG,WG,1,88) :
SR=REAL(SIG(I)*CONJG(WG(I-3)))

$G=-SR*IOUT(I-1)+FR*COMCOF

IOUT(I)=-1 :

IF(8G.GT.0.0)IOUT(1)=1 had

IN(I)}=-IN(I-1)*IOUT(1) ) .
547 CONTINUE )

RETURN

END

C [ER R AT L LRI RTRDY YY)}

C ’DIFFERENTIAL DECODING

C (AR RL I LYYt R Yy}
SUBROUTINE DF12(IORI,IN1,SIG,SHIFT1,SHIFT2,COMCOF)
COMMON LDIM,PIIPF NSYM -
cOMPLEX SIG(1),XG(266), WG (256) t
INTEGER IN1(256),I0RI(1)

DO 2444 I=1,NSYM °

XG(1)=CMPLX(0.0,0.0} . '
2444 WG(1)=CMPLX(0.0,0.0)
C :
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J1=1
Ji=2
J3=3
IN1(J1)=I0RI(J1)
IN1(J2)=IOR1{J2)
IN1(J3)=IORI(J3)
c-‘!‘f‘“..“.“‘l..‘--"““
DO 547 I=4,NSYM
c
C 1-BIT
C .
XX=IN1(I-1)*SHIFT1+IN1(1-2)"SHIF T2
+2 CALL P81(8IG,XG,[XX)
CR=REAL(SIG(I}*CONIG(XG(I)))
c
C 2BIT
c : :
WW=0.0 ' '
IF(IN1(1-1) NEIN1(I-2)) W W=IN1{1-2)* (SHIF T 1+ SHIF T2)*2.0
IF(INL(I-1).NE.IN1{I-3)) W W =IN1(1-1)* (SHIF T2)*2.0+ WW
CALL PS2(SIG,WG,[,WW)
FR=REAL(SIG(I)*CONIG(WG(I-2))}
FG=-IN1(I-1)*FR*COMCOF
TOT=CR+F
IN1(T)=-1 S
IF(TOT.GT.0.0)INI(I)=1
$47 CONTINUE
RETURN
END
C-‘.-i“.--‘.‘-.'.“““.-“““"-‘-.'--.--.-‘..‘I‘.“.‘-‘.-“Q‘.‘
SUBROUTINE FILLIN({IORI,IDE,NSYM)
INJEGER IORI(1),IDE(1)
DO 1 I=1,NSYM
1 IDE(I)=IORK) . )
RETURN ‘
END

CU.""...“‘-.-‘.--O..““I.“"-..“‘-“‘t....‘--..-t.t.t.

SUBROUTINE PS1{SIGNAL,B,I,X)
c.‘l..“‘..'....‘-"““-"‘..“".-.-..“..‘.“‘."‘..‘-‘
COMPLEX SIGNAL({1),B(1)
P102=3.14159/2.0 °

AA=COS(X+PI02) - - \

- BB=SIN(X+P102) -

G B(1-1)=SIGNAL(I-1)*CMPLX(AA BB)
B(1)=8IGNAL(I-1)*CMPLX(AA BB)
RETURN
END

Cu--"-'-".'.‘“‘t--lll--------n--..ott--cac------ —

SUBROUTINE PS2(SIGNAL,B,I,X)

C-'.-....--.‘.-l...‘.iili“(-i‘.“"“!-.-‘t.--.".‘.1‘1.

COMPLEX SIGNAL(1),B(1)
AA=COS(X)

213
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BB=SIN(X)
B(1-2)=SIGNAL(1-2)"CMPLX(AA ,BB)

RETURN
END .

C* 44T 9900 1aresrtadenaThataesaratsusInraTIstIdTLTaLIy
SUBROUTINE PS3{SIGNAL,B,X) .

C-....“'-.‘i‘.““U.l-‘t.‘.tl.I....“.O“‘iitlll‘..lil-l‘
¥

COMPLEX SIGNAL(1),B(1)

AA=COS(X)

BB=8IN({X) .
B(1-3)=SIGNAL(I-3)*CMPLX(AA BB}

RETURN Al
END
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C"--.‘-“.‘.".-“"“0.."t“t“.“‘t“.“.it--‘-

SUBROUTINE SEPA{IORIILIQ ,NSYM)
€ SERIAL TO PARALLEL CONVERSION
c..‘.-I“‘il-.‘qtili.l‘.O'-U“‘-.Uitittti‘tt‘l'.‘-
INTEGER IORI(1),11(1),1G(1)
NSYMO2=NSYM/2
DO 2 I=1,NSYMQO2
11(I)=10R1(2*I-1)
2 IQ(1)=IORI(2"I)
. RETURN
END
C.‘ilill!""ll".!-d“‘““.ilttt‘ii!‘i"i!t“"“'.ﬂ""!'.-‘
SUBROUTINE DENCOD(ILIID,NSYM)
C DIFFERENTIAL ENCODING (FOR DBPSK OR DOQPSK)
C"--i'.-l.'ll.i!ﬂiltlill‘..‘-.“it““""cll‘i.l.t‘.‘IOO-OII‘.-“-
 DIMENSION 1I(1),1ID(1)
1D (1)=11{1)
DO 3 I=2,NSYM
3 D (1)=1D({I-1}*I1{I)
RETURN
END
C--‘-t“t--t.tttttn-i"il..‘.lllll'l'l'-“'.“““---t'i--'.----ti.
SUBROUTINE RCOSFA(FBANDW TF,ALPHA ISQ,IAMP)
C GENERATING RAISED COSINE FILTER CHARACTERISTICS
C..'-““‘it't'tt--ll.‘.‘t.tl‘!i.""'lt“‘O‘-"-t--tt-‘-.ittto
COMMON LDIM,PIIPF NSYM
COMMON/PARA/NO1,NO2,SYMEAT SBANDW
COMPLEX TF(1)
IF (ALPHA.EQ.0}) ALPHA=0.0001
FN=LDIM*(FBANDW /SBANDW)
F1=(1.-ALPHA)"FN
FZ=(1.+ALPHA)*FN
IFN=IFIX(FN)
IF1=IFIX(F1)-+1
IF2=IFIX(F2)+1
B1=2.0"FN
Al1=PI/B1
TF(1)=CMPLX(1.,0.0)
DO 8 I=2IF1
FI=I-1
A2=1.0
B2=FJ"Al
SB2=3IN(B2)
IF($B2.LT.1.0E-10)8B2=1.0E-10
B3=1.0-4.0°FI*F}/B1/B1
IF{LAMP.EQ.1)A2=B2/5B2
IF{IAMP.EQ.2)A2=2.0*B2"B3/3IN(2.0°B2)
IF(IAMP.EQ.3)A2=B2"B2/8B2/3B2
TF({I)=CMPLX(A2,0.0)
8 CONTINUE
JK=IF1+1
DO § J=JK IF2
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Fl=J-1
A3=1.0
B1=FJ*Al
$B2=SIN(B2)
IF(SB2.LT.1.0E-10)SB2=1.0E-10
B3=1.04.0°FJ*FJ/B1/B1
IF(IAMP.EQ.1)A3=B2/5B2
IF(IAMP.EQ.2)A3=2.0*B2*B3/SIN(2.0°B2)
IF{IAMP EQ.3)A3=B2*B2/SB2/SB2
A=(P1/(2.0*ALPHA))*(FJ/FLOAT(IFN)-1.)
TF({J)=CMPLX(SQRT(0.5*(1.0-SIN(A))),0.0) o,
IF(13Q.EQ.0)TF{3)=CMPLX({0.5*(1.0-SIN(A))},0.0)
IF(I5Q.EQ.2)TF(J)=CMPLX(SQRT(SQRT(0.5*(1.0-SIN(A))}}),0.0)
TF(J)=TF(J}*CMPLX(A3,0.0)
' 9 CONTINUE
IH=IF2+1
DO 10 I=JH,NO1
TF(I)=CMPLX({0.0,0.0)
10 CONTINUE
DO 6 I=NO2LDIM . :
TF(I)=CONJG(TF(LDIM+2-1))
CONTINUE
RETURN ' ,
END
C"-."“".tllll.-_--0“‘l.....‘.!.‘.“‘.-.-l'-'-‘."'-“--".‘
SUBROUTINE FILT{FSDB,FCN,TF IFIL)
C GENERATING BUTTERWORTH OR GAUSSIAN FILTER CHARACTERISTICS .

C‘.‘l.'-."."'.."""'-.‘".‘.““‘.‘....--'-"‘.“{...‘.‘..

(443

COMMON LDIM,PIIPF,NSYM
COMMON /PARA/NC1,NO2SYMRAT SBANDW
COMPLEX TF(1),8,T

LL=LDIM/2
LLP1=LL+1 \
OMEGAC=F3DB*LDIM/SBANDW -

Do 21 I=1,LLP1

" FI=I o
S=CMPLX(0.0,FI/OMEGAG)
IF(IFIL.EQA)}T=1./({S**2+0.785*5+1)*(S**241.848*5+1))
IF(IFIL.EQ.2)T=1:/{S**2+1.414*5+1) ‘

* OMEGA=CABS(S) _
IF(OMEGA.GT.22.0)T'T=0.00001

¢ IF{OMEGA.GT.22.0)GOTO 93
IF(IFIL.EQ.9)XT=EXP(0.34667*(OMEGA)**2)
IF(IFIL.EQ.9)TT=1.0/XT _
93 IF(IFIL.EQ.2.0R.IFIL.EQ.4)TT=CABS(T)

TF(I)=CMPLX{TT,0.0)

21 CONTINUE

DO 22 I=2,LL
TF{LDIM+2-1)=TF(l)
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12 CONTINUE

ICENTR=LDIM*FCNJIPF
IF(ICENTR.EQ.0)GOTO 60
DO 24 II=1,ICENTR
L=LDIM-1
TEMP=TF(LDIM)
DO 25 1=1,L .
TF(LDIM+1-1)=TF(LDIM-I)

25 CONTINUE .

TF{1}=TEMP

24 CONTINUE

c __
DO 26 I=2,LL

TF(LDIM+2-)=TF(l}
26 CONTINUE

c '
60 CONTINUE
RETURN
END.

C.-"....".‘"-.1.'.-".Q“""---..‘.‘-'.."‘-i---‘-.-‘ti“t

C  THE FOLLOWING SUBROUTINE PERFORMS THE FILTERING
C  PROCESS ON THE DATA SEQUENCE. '
C““!‘““t"““‘--“-“-"-‘.-"“‘i“‘iiiti.‘-t&‘iitult
SUBROUTINE FILTER(SIGNAL,TF,LDIM,L)
COMPLEX SIGNAL(1),TF(1)
DIMENSION IWK(16)
CALL FFT2C(SIGNAL,L,IWK)
DO 1 I=1,LDIM
1 SIGNAL{I)=CONJIG(SIGNAL(1)*TF(I)}
CALL FFT2C(SIGNAL,L,IWK)
DO 2 I=1,LDIM
2 SIGNAL(1)=CONJG(SIGNAL(I)}/FLOAT({LDIM)
RETURN
END

C.t1-..tt“t.---l.!------------“t-tntttittttttd.--..'-oott

C BIT ENERGY COMPUTATION
C LA I TR TR TI LTI TR PLRITT LR PRI AR R0t )] )
SUBROUTINE ENERGY(DATA,EB)
COMMON LDIM,P1IPF NSYM .
COMMON/PARA/NO1,NO2,SYMRAT SBANDW
COMPLEX DATA(1)
WATTS=0.
DO 1 I=1,LDIM
WAT TS=WATTS+((CABS(DATA(I)))**2.)
1 CONTINUE
WATTS=WATTS/FLOAT(LDIM)
EB=WATTS/(2.0"SYMRAT)
RETURN
END '

CI..‘i‘“O.i‘i-".‘.--i'--"--."..‘.“‘U‘l“‘--"t"“.'-

SUBROUTINE PRBS(JA,N,KTAPI,KTAPZ.INOBIT]
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C GENERATING A PSEUDO RANDOM BINARY SEQUENCE
C‘.'."".-..“-.-.."."..'.-.I.I'.‘.“.‘-‘-.'.‘..“.‘-.' -
INTEGER KR(30)JA(1)
J=0 .
Kil=N+1 ) : -~
K2=N+2
DO 5 I=LN
5 KR([)=1
N1=N-1
DO 25 K=1,INOBIT
KR(K1)=KR(KTAP1)
KR({K2)=KR{KTAP2)
DO 10 [=1,N1
10 KR{N+1-I}=KR(N-I)
KR{1)=-KR(K1)"KR(K2)
J=J+1
25 JA{))=KR(1}
RETURN
END

C‘-.-.“.t‘.‘.“...“-..“".‘“.“-‘.-‘.‘.-..“.T““‘...

SUBROUTINE HLIM(DATA LDDM) ‘
CO‘--.O-lt..t.t..Ot...-.ti11.‘“il“ﬂ'.l-.---‘-‘i“tttiiii

COMPLEX DATA(1)X. -

X=CABS(CMPLX(1.0,1.0})

DO 10 I=1LDIM ‘
10 DATA(I)=DATA(I)/CABS(DATA(I))*X

RETURN

END

CO-"i‘-‘.........-.".‘.-.-..‘..."""‘.““““"..i.“i-..

C".l“.‘.“‘-...-".i“-.-"‘"‘-"Q‘*“-"“"l"'--"“""“‘

C THIS SUBROUTINE PERMITS INTERACTIVE ENTRY OF FILTER PARAMETERS
C SUBROUTINES CALLED: 1) RDRCOS, COSFA, 3) RDBWG, 4) FILT
CU--t-‘---‘-.i!'iiti-...“ti“i‘..ii-t.“i .o CLITRL AL ERL L] ]
SUBROUTINE CHOFIL(FIMFIL)
COMPLEX FI(1) '
COMMON/IOPUT/ITTLITTO,LPT
WRITE(7,8101)
READ(7,6001)IKIN
IF(IKIN.NE.1)GOTO 451
CALL RDRCOS(ALPHA,FN ISQRT IAMPMFIL

CALL RCOSFA(FN,FI,ALPHA,ISQRT [AMP)

. RETURN
451 IF{(IKIN.NE.2)GOTO 352
CALL RDBWG(BT,IBWG MFIL)

CALL FILT(BT,0.0,F1,IBWG) '
RETURN

352 WRITE(7,8108)

6001 FORMAT(I1)

8101 FORMAT('RCOS=1, BUTW/GAUSS=2")
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8108 FORMAT{'INCORRECT FILTER TYPE SPEC')
RETURN :
END

c.-..‘.‘".“".'-....‘l..‘.....‘“..‘.“‘..‘l“..“.“i..‘."

c READ RAISED-COS FILTER PARAMETERS,

. C"it01‘..li.i""ii“."ttti“"O“tttt!t"‘i!‘.“‘i‘-.“““
SUBROUTINE RDRCOS(ALPHA FN,ISQRT,IAMP MFIL) .
‘COMMON /IOPUT/ITTLITTO,LPT
WRITE(ITTO,8102)

8102 FORMAT('ALPHA=1"
READ(ITTI,8004)ALPHA
WRITE(ITTO,8103)

8103 FORMAT('F NYQUIST/F SYMRATE =1")

READ(ITTI,8004)FN T
WRITE(ITTO,8104)
8104 FORMAT('SQUARE ROOT=1')
READ(ITTI,6001)ISQRT
WRITE(ITTO ,8105)

8105 FORMAT(’AMP EQUALIZER=1, ommwrsn-o') .
READ (ITT1,6001)IAMP ~

8004 FORMAT(F10.4)

6001 FORMAT(I1)

IF(MFIL.EQ.1)WRITE(LPT,8007)
IF(MFIL.EQ.2) WRITE(LPT,8008)
IF(MFIL.EQ.3) WRITE(LPT,8008)

8007 FORMAT('TRANSMIT FILTER PARAMETERS',/)

8008 FORMAT{'PRE-MODULATION FILTER PARAMETERS'"/)

8009 FORMAT({'POST-MODULATION FILTER PARAMETERS'/)
WRITE(LPT,8010)ALPHA

8010 FORMAT('ALPHA='F10.4)

WRITE(LPT,8011)FN

8011 FORMAT{'F NYQUIST/ F $YMBOL RATE ='F104)
IF(ISQRT.EQ.1)WRITE(LPT,8012)

8012 FORMAT('FILTER IS SQUARE ROOT RAISED COSINE')
IF(IAMP.EQ.1)WRITE(LPT,8013) —

8013 FORMAT('FILTER INCLUDES AN AMPLITUDE EQUALIZER’)
RETURN
END

C.'."'O‘*--Q‘."-'.‘i‘.i“..‘.-‘..‘t.ﬁ“‘.“.-.“.--Ill-'--.-

C  READ BUTTERWORTH OR GAUSSIAN FILTER PARAMETERS
C'-““"‘-““‘“.‘!““"-'.-.'----‘."-'----‘.“--.'-‘....-
SUBROUTINE RDBWG(BT,JBWG, MFIL) *
COMMON/IOPUT/ITTLITTO,LPT
WRITE(ITTO,8106)
8108 FORMAT('BW2=2, BW4=4, GAUSS=9')
READ{ITTI,6001)IBWG
WRITE(ITTO,8107)
8107 FORMAT('BT PRODUCT= 7')
READ(ITTI,8004)BT
6001 FORMAT(11) .
8004 FORMAT(F10.4)
IF(MFIL.EQ.1)WRITE(LPT,8007)

v
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8007
8008
8009
8016
BO17

8018

8019

IF(MFIL.EQ.2) WRITE(LPT,8008)

IF{MFIL.EQ.3) WRITE(LPT,8009) -
FORMAT{'TRANSMIT FILTER PARAMETERS"/) - *
FORMAT('PRE-MODULATION FILTER PARAMETERS',/)
FORMAT("POST-MODULATION FILTER PARAMETERS'/)

IF(IBWG.EQ.2) WRITE(LPT,8018)

FORMAT('FILTER 1S A SECOND QRDER BUTTERWORTH',/)

IF(IBWG .EQ.4) WRITE(LPT,8017)

FORMAT('FILTER IS A FOURTH ORDER" BUTTERWORTH" /)
IF(IBWG.EQ.9) WRITE(LPT,8018)

FORMAT('FILTER IS GAUSSIAN',/)

WRITE(LPT,8010)BT - .

FORMAT('S DB BANDWIDTH * SYMBOL DURATION (LE. BT) ="F104,/)
RETURN

END 4

-d
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